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1. Introduction and aims
Vision is presented and universally accepted as the most precious of the human senses. It is also

considered one of the most complex, given that it is the result of different processes linked by

each other (Figure 1.0.1).Vision is structured in three main parts: the optical system (eye), the

photo-sensor (eye’s retina), and the data processor (brain) [1]. If one of them is affected by any

disease or dysfunction, vision will be terrible or even nonexistent.

Figure 1.0.1: Visual path and its components (Source: [2]).

One of the most common dysfunction is presbyopia. It is an age-related disorder that is

undergone by all the population since their mid-late-40s. It is consists in the loss of the ability to

focus near objects [3]. This capacity of the eye is performed by the deformation of the crystalline

lens (Figure 1.0.2) and it is called accommodation [4]. Actually, accommodation is being reduced

throughout life until is is completely lost. But, this loss is only named presbyopia when the near

objects can not been focused.

Figure 1.0.2: Accommodated and no-accommodated crystalline lens (Source: [5])

Regarding the fact that all the population is affected by presbyopia, a huge number of possible

corrections of it can be easily found. On one hand, there are temporary corrections, as progressive

spectacle lenses [6] or multifocal contact lenses [7]. On the other hand, permanent corrections

as multifocal intraocular lenses, multifocal corneal ablation, accommodating intraocular lenses,
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monovision systems, or scleral modifications are also applied to correct presbyopia [8].

Another age-related dysfunction is cataract. Cataract is the opacification of the crystalline

lens and decreases the quality of the visual function (Figure 1.0.3). Consequently, it is one of

the leading visual impairments in adults over 60 years old, affecting the half of the adults aged

between 75-85 years old [9]. The only possible solution for cataract is the extraction of the opacified

fibers of the crystalline lens and the replacement of them with an intraocular lens by surgery. If

this surgery is not done the cataract causes blindness by a complete opacification of the crystalline

lens. Currently, the WHO (World Health Organization) still considers cataract as the first cause

of permanent visual impairments in all areas of the world, except for developed countries where

cataract surgeries are performed everyday [10].

Figure 1.0.3: Comparison of an eye without and with cataract (Source: [11])

Due to the fact that all the patients affected by an age-related cataract are also affected by

presbyopia, it is totally understandable that the most chosen permanent presbyopia correction to

replace the opacified fibers of the crystalline lens is the multifocal intraocular lens. This way, only

one surgery is needed to solve both age-related dysfunctions.

Usually, young presbyopes choose a temporary correction as a first option to correct presby-

opia. Although, a part of them select one of the permanent corrections, once they are affected also

by cataract.

Some presbyopia corrections are based on the simultaneous vision principle, as, for example,

multifocal contact or intraocular lenses. This means that there is a superposition of one focused

image with defocused images on the retina [12]. The optical design of these kind of lenses is very

complex. Consequently, its characterization is also difficult.
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When these lenses were launched into the market, it was only possible to characterize optical

quality before the implantation or the adaptation of them (characterization in vitro) [13] and the

visual quality after the surgery or the clinical adaptation was performed (characterization in

vivo) [14, 15]. At present and thanks to the technological advances, different new commercial

instruments that are able to perform characterization in vivo of the visual quality before the

implantation or the adaptation of simultaneous vision lenses. They are based on the simulation of

the vision that these lenses give to the implanted eye. Visual quality that the patient would have if

he were implanted with one of them can be evaluated by using these instruments [16, 17, 18, 19].

Some experimental prototypes and commercial aberrometers or double-pass systems have used

to perform an optical quality characterization in vivo, but some issues have been reported [20, 21].

Taking into account all this information, the main goal of this thesis is the design and the

assembly of a new open-field double-pass system with asymmetric focus that is suitable to char-

acterize in vivo optical quality in patients implanted or adapted with multifocal intraocular or

contact lenses. In order to be able to achieve this goal, the following stages were performed along

this project:

1. Review of presbyopia corrections and the characterization of them. An analysis of the

literature about this issue was performed. A first study to prove the suitability of an

auto-refractometer to perform a over-refraction with multifocal contact lenses wearers was

accomplished.

2. Verification of the suitability of one commercial simulator. A study with the commercial

simulator VirtIOL (10Lens S.L.) was achieved to prove the suitability of this instrument

to perform a visual characterization in vivo before surgical implantation of a multifocal

intraocular lens.

3. Design of the double-pass system with asymmetric focus. A first idea of the optical design

was introduced in an optical simulator. Then, the simulation was analyzed and adjusted

with the selected commercial elements until the result was the expected.

4. Assembly of the double-pass system with asymmetric focus. After getting all the selected

optical elements, a customized mechanical supports were created to assemble the new open-

field double-pass system with asymmetric focus.

5. Programming of the softwares. Two softwares were programmed for this new prototype.

The first one controls all the hardware of the system to obtain the double-pass images that

are needed. The second one processes the images and calculates all the parameters that

indicate the optical quality of the measured eye.

6. Validation of the new prototype. In order to prove the suitability of the system to perform

an analysis of the optical quality of the eye implanted with a multifocal intraocular lens, two

different studies were performed:

(a) Optical characterization in vitro with a model eye. Two different multifocal intraocular

lenses were introduced in the customized model eye.

(b) Optical characterization with eyes implanted with multifocal intraocular lenses. The

new prototype analyzed eight left eyes implanted with a multifocal intraocular lens.
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This manuscript is structured in eight chapters including this one. Chapter 2 presents the state

of art of the different topics that are included in this thesis: corrections for presbyopia and the

characterization of them.

Chapter 3 describes the published study that was done to assess the use of an auto-refractometer

to perform an over-refraction in patients adapted with a multifocal contact lens.

Chapter 4 shows two different studies that evaluated the function of the commercial simulator

named VirtIOL (10Lens S.L.). It was concluded that VirtIOL can be a useful tool to decide which

lens is the better option per each patient before the surgery.

Chapter 5 presents the new open-field double-pass system with asymmetric focus. This one

is the main chapter of this thesis. It is divided in three distinguished parts: design of the opto-

mechanical system, assembly and programming of the software, and validation of the whole

system.

Chapter 6 includes the results of a clinical study where patients implanted with MIOLs were

objectively measured by means of the new double-pass system with asymmetric focus.

Chapter 7 includes the conclusions of this work.

Finally, references and appendices are presented. Appendix 1 shows a little summary of the

design process of the new open-field double-pass system. Appendix 2 has all the data sheets of the

main elements used in the double-pass system. To finish, Appendix 3 includes the work carried

out in the Queensland University of Technology supervised by Prof. Atchison.
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2. State of Art
The description of all the different existing multifocal correction systems for presbyopia and

methods to evaluate them are included in this chapter.

2.1 Multifocal Correction Systems for Presbyopia

There are many ways to classify the different multifocal correction systems for presbyopia that are

used currently by presbyopes. One of these ways is which is presented here and that classify the

correction systems in two groups: alternating vision multifocal systems and simultaneous vision

multifocal systems.

2.1.1 Alternating Vision Multifocal Systems

Multifocal corrections are classified as an alternating vision system when it is only arriving light

from one focal zone of the system on retina’s plane. Due to this, these systems are based on the

natural eyes’ movements to change focus from distance objects to the nearest ones. The main

examples of this group are bifocal, trifocal and progressive spectacle lenses, and gas-permeable

(GP) alternating bifocal contact lenses.

2.1.1.1 Bifocal and Trifocal Lenses

(a) Bifocal Lens (b) Trifocal Lens

Figure 2.1.1: Schemes of a bifocal (a) and a trifocal (b) lenses (Source: [22]).

Bifocal and trifocal lenses offer two and three zones, respectively, of fixed-focus vision sepa-

rated by a visible discontinuity [23]. In this case the change of one focused vision to another is

abrupt. As a consequence, the user’s vision jumps from distance or intermediate vision to near

vision, and vice versa (Figure 2.1.1).

2.1.1.2 Progessive Lenses

Owen Aves patented the first progressive addition lens in 1907 [24]. The main advantage of these

lenses is the fact that have a soft transition between the different vision distances that the user
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2.1. MULTIFOCAL CORRECTION SYSTEMS FOR PRESBYOPIA

needs in each situation. This means that they have a gradual increase of power following the sight

path followed by eyes to change their focus from a distance vision to intermediate and to near

vision [6]. Another advantage of these lenses is the non-visible focus change due to the smooth

transition among focus (Figure 2.1.2 (a)).

(a) Commercial Progressive Lens (b) Progressive Lens’ Zones

Figure 2.1.2: Image of a commercial progressive lens (a) (Source: [25]) and the different vision

zones that this kind of lenses have (b) (Source: [26]).

Lots of improvements are been added to progressive lenses, since the company Essel created

the first commercialized progressive lens in 1959. All the improvements have been focused on the

reduction of the intrinsic lateral aberrations that the increase of the power has (Figure 2.1.2 (b)).

Nowadays, the most innovative progressive lens is based on the Free-Form technology. This

technology creates a customized progressive lenses per each user, in order to adapt their visual

needs as best as possible. These lenses exist thanks to the technological advances that are been

introduced in the manufacturing processes in the last 10 years [27].

2.1.1.3 GP Alternating Bifocal Contact Lenses

One of the main characteristics of the GP contact lenses is the several millimeters that they are

able to move on the cornea. Due to this fact, is it possible to have an alternating vision contact

lens. The designs are based on a segmented bifocal lens with a truncation at the bottom of the lens

(Figure 2.1.3). Consequently, when the lens is rested in the inferior eyelid, the lens comes up and

the user is viewing through the near vision zone. Nevertheless, Ames et al. demonstrated that

the translation movement of these lenses was not enough to have a real alternating vision [30].

(a) Menicon Z Executive GP

Lens (Menicon S.L.)

(b) BIAS-BICON lens (Conop-

tica)

Figure 2.1.3: Design of Menicon Z Executive GP Lens (Menicon S.L.) (a) (Source: [28]), and an

image of the adaptation of BIAS-BICON lens (Conoptica) (b) (Source: [29]).
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2.1. MULTIFOCAL CORRECTION SYSTEMS FOR PRESBYOPIA

Actually, they have a mixed function between alternating and simultaneous vision (Figure 2.1.3).

Examples of available GP alternating bifocal lenses are: Menicon Z Executive (Menicon Espana

S.L.) and all the group of BIAS-BICON family (Conoptica S.L.). BIAS-BICON family is composed

by 6 different designs and each design is available in four different materials.

2.1.2 Simultaneous Vision Multifocal Systems

(a) Monofocal Vision (b) Multifocal Vision

Figure 2.1.4: Simulation of the differences that a monofocal correction and a simultaneous vision

multifocal correction provide to the users (Source: [31]).

A system is a simultaneous vision multifocal system when the light is passing through all the

different foci of it simultaneously [12]. Thus, a user of this kind of systems is receiving all the

focus vision at the same time on the retina. For example, if the user is focusing a distance object

receives the image of this object well-focused meanwhile is receiving an out of focus images of

the intermediate and near objects that are situated in his field of view (Figure 2.1.4). Multifocal

Intraocular Lenses (MIOLs) and Soft Multifocal Contact Lenses (MCLs) are included in this group.

2.1.2.1 Multifocal Introcular Lenses

MIOLs became popular in the first decade of XXI century. These lenses introduced the possibility

of no wear glasses, even after a cataract extraction surgery. This issue would be able to represent a

huge increase of the user’s convenience, but, due to the complex designs of these lenses, different

details can affect the optical and visual quality of them. As a consequence, different improvements

have been introduced in their designs.

Taking into account the optics principal that their designs are based on, we can theoretically

classify the MIOLs as: diffractive, refractive or hybrid [32].

Difractive Multifocal Intraocular Lenses

Difractive lenses are based on the optical principles of diffraction what creates different and

independent focal points thanks to constructive interferences [34]. In order to be able to get the

different foci, the lens has a large number of concentric rings with little sharp edges (Figure 2.1.5).

Each ring diffract the light in a different way creating the different focal points that correspond to

the different vision distances that people normally use.
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2.1. MULTIFOCAL CORRECTION SYSTEMS FOR PRESBYOPIA

Figure 2.1.5: Tecnis ZM 900 Scheme (Source: [33]).

The advantage of the difractive MIOLs is that they are not as pupil-dependent as the refractive

ones. Although, the distribution of the light energy is asymmetric among the foci. They are also

very prone to create halos and glares to the user of them [35].

Examples of available diffractive MIOLs are: Acri.Twin (Acri.Tech/ Carl Zeiss Meditec, Inc),

Acriva Reviol (VSY Biotechnology), MS6125 (Dr.Schmidt Intraocular Linsen, GmbH), OptiVis

(Aaren R©Scientific), FineVision (Physiol s.a.), Tecnis R©ZM900 (Abbott Medical Optics) (Figure

2.1.5) [36].

Figure 2.1.6: Comparison of the foci that a monofocal IOL, a MIOL and the new generation

Tecnis R©Symfony create (Source: [37]).

A new generation of a diffractive lens has recently approved by the U.S.FDA (United States

Food and Drug Administration) [38]. It is called Tecnis R©Symfony and it has been developed by

Abbott Laboratories (USA). This new generation lens is defined as an “Extended Range of Vision

IOL” what means that it does not provide two or more different foci, but instead it provides an

extended focus (Figure 2.1.6).
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2.1. MULTIFOCAL CORRECTION SYSTEMS FOR PRESBYOPIA

The first clinical study performed by Abbott Laboratories, conclude that Tecnis R©Symfony

provide the implanted patients with a very good distance and intermediate vision (LogMAR VA

= 0.0) and a quite good near vision (LogMAR VA = 0.3). The most important advantages of this

lens are; that it has a level of glares and halos comparable to a monofocal IOL and the contrast

enhancement due to the new achromatic technology correction.

Refractive Multifocal Introcular Lenses

In this case the lenses have different rotational symmetric or non-symmetric zones with different

value of curvature radius. Thus, each zone has a different dioptric power corresponding to the

different distance vision for the implanted eye (Figure 2.1.7).

(a) MFlex R©580F

(Rayner Ltd.)

(b) Lentis R©MPlus (Oculentis

GmbH)

Figure 2.1.7: Examples of one rotational symmetric refractive MIOL (a) (Source: [39]) and one of

a non-symmetric refractive MIOL (b) (Source: [40]).

In contrast with the diffractive MIOLs, refractive MIOLs creates less halos and glares but they

are more pupil dependent. They are very sensitive to centered errors [35]. Several numbers of

this kind of lenses have aspheric surfaces to reduce these problems as much as possible.

Examples of available refractive MIOLs are: Array SA40N (Abbott Medical Optics), Lentis R©MPlus

(Oculentis GmbH), MFlex R©580F (Rayner Ltd.) [36].

In recent weeks, OPHTEC B.V. (Groningen, Netherland) obtained the CE-Mark for its new

MIOL Precizon Presbyopic.

Figure 2.1.8: Optical design of the Precizon Presbyopic MIOL (Source: [41]).
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2.1. MULTIFOCAL CORRECTION SYSTEMS FOR PRESBYOPIA

This MIOL presents an innovative optical design patented as Continuous Transitional Focus

(CTF). This technology offers a full range of vision and, due to the CTF’s transitional zones (Figure

2.1.8), a smooth, continuous transition from near to infinity vision is achieved. consequently,

CTF ensures a more “forgiving” lens that enables surgeons to treat a wider range of presbyopic

patients with a higher degree of confidence [41]. OPHTEC declares that Precizon Presbyopic is

able to forgive larger degrees of lens tilt and decentration. It is considered that the misalignmet

tolerance reduces photic phenomena and that the CTF optic is less dependent on pupil size under

all lighting conditions.

CD6 was involved in the design process and the optical validation of this lens. Details of this

collaboration are explainded in chapters 4 and 5.

Hybrid Multifocal Intraocular Lenses

Just like their own name indicates, these lenses combine refractive zones with diffractive zones

to decrease the problems that an only diffractive or refractive MIOL have (Figure 2.1.9). This

complex combinations try to reduce the halos and glares of the diffractive designs and the pupil-

dependency of the refractive ones [32].Nevertheless, it has not been possible to completely remove

the different problems.

Figure 2.1.9: ReStor SA60D3 (Alcon Laboratories) (Source: [42]).

Examples of available hybrid MIOLs are: AcriLISA 366D (Carl Zeiss Medical, Inc.), ReStor

SA60D3 (Alcon Laboratories), ReZoom NXG1 (Abbott Medical Optics) [36].

A review of several clinical studies about hybrid MIOLs was published in 2010 by Madrid-

Costa et al. [43]. They concluded that hybrid MIOLs provide a satisfactory full range of vision

and achieve higher spectacle independence than those patients using other types of prescription.

This study also presented AcriLISA 366D and ReStor SA60D3 as the newest hybrid MIOLs and

declares that their designs added modifications in asphericity and lower addition powers, which

seem to improve visual performance in the inter-mediate distance range.
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2.1. MULTIFOCAL CORRECTION SYSTEMS FOR PRESBYOPIA

2.1.2.2 Simultaneous Vision Multifocal Contact Lenses

MCLs’ users represent between the 15 and the 20% of the total number of contact lenses users

since 2005 [44, 45, 46].

Historically and just as in the case of MIOLs, simultaneous vision MCLs can be divided in

diffractive and refractive designs. However, only refractive designs are explained in this thesis,

since none diffractive MCL is available at this moment, neither in soft nor GP CLs.

Refractive Multifocal Contact Lenses

The refractive designs have different zones with different radius of curvature. In contrast with

refractive MIOLs, all the refractive MCLs are rotational symmetric. These lenses can be divided

in two different groups: Concentric and Aspheric.

Figure 2.1.10: ACUVUE R©OASYS R©for Presbyopia Design (Source: [47])

Concentric designs consist on a number of concentric well-separated zones per each distance

of vision. Currently, this kind of lenses alternate one distance of vision zone to another one.

In previous designs there were no alternation but they have a high dependency of the pupil’s

diameter [15]. This fact did that the next spherical refractive designs had an alternation between

near and distance vision (Figure 2.1.10).

Current examples of concentric designs are ACUVUE R©OASYS R©for Presbyopia (Johnson and

Johnson Vision Care) or Multivue (Lenticon S.A.) as soft MCLs, and Menifocal Z Progressive

(Menicon S.L.) or Polyfocal (Lenticon S.A.) as GP MCLs.

The aspheric designs have no alternation, but they have a very smooth transition among

vision distances (Figure 2.1.11). This fact creates a progressive increase or decrease of the power,

depending on if the central optical zone is for distance or for near vision. The asphericity can be

in only one of the surfaces of the lens or in both. The gradient of power progression depends on

the eccentricity factor or factors of each lens. The simple designs have only one aspheric curve,

but the complex ones have different aspheric curves per each zone of the lens. Aspheric MCLs are

the most popular kind in the last years [12].

Aspheric MCLs that can be found in the market are: Air Optix R©AQUA Multifocal (Alcon R©Vision

Care), Bioafinity Multifocal (CooperVision) or Saphir Multifocal (Mark’Ennovy) as soft MCLs and

Menicon Z Progressive Comfort (Menicon S.L.) or SoCLear MF (Lenticon S.A.) as GP MCLs.
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2.2. CHARACTERIZATION OF SIMULTANEOUS MULTIFOCAL VISION SYSTEMS

Figure 2.1.11: Air Optix R©AQUA Multifocal (Alcon R©Vision Care) design (Source: [48])

2.2 Characterization of Simultaneous Multifocal Vision Systems

MCLs and MIOLs have complex optical designs that require a complete and detailed character-

ization. In order to achieve this, it’s necessary to evaluate the optical and the visual quality of

them. Optical quality can be evaluated in vitro or in vivo conditions. In contrast, the visual quality

can only be assessed by subjective tests. Consequently, this characterization is only performed in

vivo, since the results depends on the perception of the subject that is adapted or implanted with

MCLs or MIOLs.

Both kind of evaluation are described and detailed in this section.

2.2.1 Assessment of visual quality

As it is said before, visual quality is a subjective evaluation that depends on the perception of the

subject adapted or implanted with a MCL or a MIOL. This means that visual quality takes into

account the interpretation of the brain of the image that is projected on the retina.

At the beginning, the visual quality could be only evaluate once the adaptation or the implan-

tation was done. This fact is not a problem in the adaptation of a MCL, since is not a permanent

correction and if the subject is not satisfied, it is possible to adapt another one that achieves better

results. However, it is not recommended to remove an implanted MIOL, since could produce

several added dificulties. Due to this situation, different clinical instruments have appeared dur-

ing the last decade to perform a visual characterization before the implantation. Therefore, this

subsection presents the different tests and instruments that are used to evaluate the visual quality

before and after the adaptations or implantation of a MCL or a MIOL.

2.2.1.1 Evaluation of the visual quality after an implantation of a MIOL or an adaptation of a

MCL

Conventional optometry is based on the characterization of visual quality. In order to do that,

there are a huge number of tests that can evaluate, visual acuity (VA), contrast sensitivity (CS),

stereoacuity, color vision, etc. However, only VA, CS and stereoacuity are going to be explained

in this section since are the most used to evaluate visual quality.

Visual Acuity

Visual acuity (VA) is the ability of the human visual system to distinguish spatial details in a test

with the maximum contrast and a high level of illumination [49]. VA is typically measured with
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standardized tests (Figure 6.1.5) placed 6m away from the patient when distance VA is measured,

and only 0.4m to obtain the near one.

(a) HVOT Chart (b) Number Chart (c) Image Chart

Figure 2.2.1: Examples of standardized VA charts (Sources: [50, 51]).

The major part of the bibliography that characterize MCLs or MIOLs include the evaluation of

the VA.

Fedtke et al. compared the visual performance of non-presbyopic myopic eyes adapted with

monofocal and multifocal CLs obtaining VA values. This study concluded that MCLs reduce

high contrast VA when compared to the monofocal ones [52]. Woods et al. using presbyopic eyes

also concluded that high contrast VA was better with monofocal CLs except in the case of the

intermediate vision [53].

Studies with patients implanted with MIOLs compare, fundamentally, one type of MIOL with

any other ones and/or with monofocal IOLs. In the case of the study published by Cillino et al.

a comparison of the visual quality between patients implanted bilaterally with monofocal IOLs,

2 different commercial refractive MIOLs and a diffractive one was performed. Uncorrected and

best corrected VA for distance, intermediate and near vision was analyzed. The main conclusion

was that MIOLs provide a quite good intermediate and near VA to patients implanted with them.

Another conclusion was that the diffractive MIOL had better VA for all the distances than the

refractive ones included in this study [54].

Contrast Sensitivity

Contrast sensitivity (CS) is the ability of the visual system to differentiate spacial frequencies at

different contrast levels. There are different tests to evaluate it, but the two most widely used are

Pelli-Robson chart and CSV-1000E. Pelli Robson chart consists of horizontal lines of capital letters

with same dimensions but different constrast level for each row. The patient has to say the letters

of each row (Figure 2.2.2(a)). On the contrary, CSV-1000E is based on four different rows with

sine-wave gratings. Each row has a different spatial frequency (3, 6, 12 and 18cycles/degree) and

two pair of circles for every level of contrast. One circle contains the grating and the other one is

uniform. In this case, the patient needs to say which circle of every pair has the grating (Figure

2.2.2(b)).

Contrast sensitivity is a visual function commonly measured in eyes implanted or adapted

with MIOLs or MCLs, since simultaneous multifocal vision systems used to decrease it. For this

reason, García-Lázaro et al. included the binocular distance CS test in the study, in order to asses

13



2.2. CHARACTERIZATION OF SIMULTANEOUS MULTIFOCAL VISION SYSTEMS

(a) Pelli Robson Chart (b) CSV-1000E Chart

Figure 2.2.2: Example of two different tests to measure CS (Sources: [55, 56]).

and compare the effects of four MCLs with three monofocal ones under dim conditions, including

the effects of induced glare.The main conclusion was that monofocal CLs had better results than

MCLs, even under dim conditions [57].

In 2003 Montés-Micó et al. published a study where a refractive MIOL and a monofocal one

were compared in terms of CS at distance and near vision after 1, 3, 6, 12, and 18 months after the

implantation. Results proved that contrast sensitivity at distance vision of implanted eyes with

the refractive MIOL was only comparable to that obtained with implanted eyes with monofocal

IOL between 3 and 6 months after the implantation. At near distance, CS was always lower than

the distance CS and than near-corrected monofocal IOL [58].

Stereoacuity

Stereoacuity is the evaluation of the ability of the visual system to detect depth differences between

objects in binocular vision conditions. It is the minimum disparity that visual system is able to

distinguish. Several standardized tests are available to measure it, as are TNO, Timus’ test,

Random Dot Test, or Lang’s Test (Figure 2.2.3).

Due to the fact that simultaneous vision system can damage the stereoacuity of the patient,

there are a lot of studies about MIOLs or MCLs that also obtained it. For example, Richdale et

al. that presented similar results of near stereoacuity between patients adapted with MCLs and

patients adapted with monofocal CLs in monovision technique (dominant eye was adapted with

distance refraction and the contralateral one with near refraction) [63]. Although, Sivardeen et

al. found better stereoacuity with patients adapted with MCLs than patients with monovision

adaptation [64].

In terms of MIOLs, Hayashi et al. compared the effect of the implantation of the same MIOL at

both eyes with different values of addition and the effect in eyes implanted with the same value

of addition.The addition difference was 1.00D and the conclusion was that the stereoacuity was

not compromised [65].
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(a) TNO Test (b) Timus’ Test

(c) Random Dot Test (d) Lang’s Test

Figure 2.2.3: Images of stereoacuity tests and its complements to perform them (Sources: [59, 60,

61, 62]).

2.2.1.2 Evaluation of the visual quality before an implantation of a MIOL

In this part of the section are only explained the different instruments that have been developed in

the last decade to be able to evaluate the visual quality of a MIOL before its implantation in the eye’s

patient. This means that the technological advances have allowed to create several instruments

that simulates simultaneous vision, the wavefront of a MIOL or directly the virtual implantation

of an specific MIOL. While the simulation is performed, the visual quality is evaluated presenting

the tests explained in section 2.2.1.1.

There are different methods to achieve the characterization of the visual quality before the

implantation of any MIOL.

Simultaneous Vision Simulator

On the first hand, it is possible to find some simulators that are able to reproduce the optical

design of MIOLs or to reproduce the optical principle of the simultaneous vision.

In 2010, Dorronsoro et al. patented a new instrument for simulating simultaneous vision

corrections [66] which was then validated by De Gracia et al. in 2013 [16]. This instrument consists

of two independent Badal optometers that send simultaneously two overlapping images on the

retina of the observer (Figure 2.2.4). One image has focused distance objects and the other has

focused near objects.

Three years later, in 2016, Dorronsoro et al. published a new paper presenting an upgrade of

the simulator [67]. As can be observed in figure 2.2.5, the main difference with the previous one
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Figure 2.2.4: Schematic diagram of the simultaneous vision system. (Source: [16])

is the replacement of the Badal’s systems for an electro-optical lens (EOL) working in temporal

multiplexing [68]. This EOL allow to compact considerably the instrument and to have more

mechanical stability, since it only needs to receive different level of electrical current to change its

focal length and, consequently, its dioptric power. This publication demonstrated that this new

simulator it is also effective to simulate multifocal corrections.

Figure 2.2.5: Schematic diagram of the upgraded simultaneous vision system. (Source: [67])

A new start-up company called 2Eyes Vision S.L. was created to produced and commercialize

this new instrument [69].
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Adaptive Optics Simulator

Another way to simulate multifocal corrections is using a vision instrument based on adaptive

optics. Adaptive optics was first applied in astronomy, since it allows the improvement of

the emitted optical signal taking into account the information of the environment in which is

surrounded [70]. Although, adaptive optics is able to modify the optical system in anyway, either

to improve or to make it worse. Consequently, this discipline was employed in vision applications,

mostly to obtain high resolution images of the ocular tissues [71] and to study visual function

changing the aberration levels of the image that is focused on the retina plane [72].

(a) Objective measurement channel

(b) Subjective measurement channel

Figure 2.2.6: Scheme of the optical design of AOVS where PPM is a liquid crystal programmable

phase modulator and HS is a Hartmann-Shack wavefront corrector. First image (a) represents the

optical path of an objective measurement. In contrast, image (b) shows the subjective measurement

path.(Source: [17]).

In 2001 Fernández et al. demonstrated that was possible to develop a prototype for real-time

closed-loop correction of aberration in the living eye by use of a wave-front corrector and a

micromachined membrane deformable mirror [74]. This apparatus prototype was presented one

year later as a visual simulator, named AOVS, to test in advance the effect of aberrations produced

by ophthalmic devices or refractive surgery [75]. After several improvements of the system
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Figure 2.2.7: Image of the current version of VAO (Source: [73])

(Figure 2.2.6), Manzanera et al. published an study in which the availability of the simulator

to test and design ophthalmic elements was proved. In order to do that, different wavefront

patterns simulating IOLs designs were presented and evaluated objectively and subjectively for

two different subjects [17]. Some years after, AOVs has become the Visual Adaptive Optics

simulator called VAO (Figure 2.2.7) [76] which is produced and commercialized by the Spanish

start-up VOPTICA S.L. (Murcia, Spain).

Figure 2.2.8: Schematic diagram of the VioBioLab AO II system with the different channels in its

final configuration (Source: [18]).
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Concurrently, Viñas et al. assembled another adaptive optics prototype to simulate multifocal

patterns and test them (Figure 2.2.8 ) [18].

The published study showed the comparison of the optical and psychophysical results between

three radial and three angular multifocal patterns presented to six young subjects. The authors

concluded that patterns with only 2 vision zones had better results than 3 or 4 different vision zones

as much in radial as in angular designs. They also affirmed that angular designs outperformed

radial designs when only 3 and 4 vision zones patterns are evaluated.

The main conclusion of all the studies is the suitability of an Adaptive Optics systems to design

new multifocal lenses, evaluate commercial ones or even, to select which is better for each user.

VirtIOL Vision Simulator

Figure 2.2.9: Image of the instrument (Source: [77]).

A different way to evaluate visual quality of multifocal lenses before their implantation is using

the commercial instrument VirtIOL (10Lens S.L.U., Terrassa, Spain). VirtIOL vision simulator is

an open-field instrument based on projecting a multi- or monofocal IOL onto the patients’ pupil

plane. The evaluated IOL is inserted in the artificial eye of the instrument (Figure 2.2.9) becoming

the conjugate of the patient’s pupil plane by the optical design of VirtIOL. Thanks to this optical

system the eye is observing any visual quality test as it was implanted with the IOL inserted in

the model eye of the system. Some studies about multifocality using VirtIOL had been presented

in different international conferences [78, 19, 79].

2.2.2 Assessment of optical quality

Optical quality defines the quality of the image that is reproduced by any optical system. In this

thesis, optical quality of the image projected onto retina’s plane of a human or an artificial eye

implanted with a MIOL or adapted with a MCL was objectively evaluated.

When first MIOLs were launched, optical quality was only possible to be measured in in vitro

conditions, that is, using an artificial eye that can be implanted with a MIOL or adapted with a

MCL and that can have an image sensor as a retina. Over the years and thanks to the technological

advances, now it’s possible to measure the optical quality in vivo. Therefore, there are different

kinds of systems to obtain optical quality and they are explained right after.
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2.2.2.1 Simple-pass systems

On account of the fact that a surgical implantation of a MIOL is mostly irreversible, the International

Organization for Standardization (ISO) developed the regulation 11979-2 [80] which explains optical

properties and test methods to characterize IOLs. It specifies the accepted range of wavelengths,

the specifications of the model eye and how to perform the measurement. In summary, it presents

the simple-pass technique as the method to measure the optical quality of any IOL.

Simple-pass technique is based on projecting a point light source through a model eye im-

planted with any IOL and capture the resultant image. Then, it will be analyzed and characterized

to obtain optical quality of the system.

In a simple-pass system, the captured image is the Point Spread Function (PSF) of the system.

PSF is the response of an imaging system to a point source. In other terms, PSF is the intensity

distribution ISP of the captured image (Equation 2.2.1.

ISP = PSF(x′, y′) (2.2.1)

PSF itself provide information about the optical quality, but it is common to work in frequency

or Fourier domain to evaluate optical quality. Actually, Modulation Transfer Function (MTF) is the

most used function to evaluate it. Due to the fact that MTF is the module of the Optical Transform

Function (OTF), this has to be first calculated. Thus, a Fourier Transform of the PSF have to be

done:

F [PSF(x′, y′)] = OTF(U,V) = MTF(U,V)eiPTF(U,V) (2.2.2)

As it is indicated in equation 2.2.2, OTF is formed by its module, the MTF, and its phase, the

Phase Transfer Function (PTF). Consequently, the module of the OTF, which is also the module of

the Fourier transform of the PSF, has to be calculate to obtain the MTF of the image:

F |IPS| = F |PSF(x′, y′)| (2.2.3)

F |IPS| = |MTF(U,V)eiPTF(U,V) | (2.2.4)

|F |IPS|| = MTF(U,V) (2.2.5)

MTF is widely used to characterize any optical system, also for the multifocal ones. MTF

specifies the ability of the system to detect and distinguish different spatial frequencies. In other

words, MTF represents the loss of contrast produces by the optics of the eye on a sinusoidal grating

as a function of its spatial frequency [81]. There are some parameters that can be calculated from

MTF, as are: cut-off and the Strehl ratio (SR).

On the first hand, cut-off of the MTF is the maximum spatial frequency that the eye is able to

differentiate. The lower the cut-off, the lower the optical quality. On the other hand, SR can be

defined as the ratio between the volumes under the MTF curve of the measured optical system

and that of the aberration-free system, when it is calculated in the frequency domain [82, 83]. The

closer to 1 the coefficient, the better the optical quality.
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Due to the whole optical characterization that a simple-pass system is able to provide, a

number of research groups decided to assemble a costume simple-pass system. Terwee et al.

[84] published the comparison of spherical and aspheric diffractive and refractive MIOLs by a

customized simple-pass system. Two different methods were performed to obtain the results: the

projection of a green light point source, and the projection of the US Air force target [85] through

the model eye implanted with the different MIOLs (Figure 2.2.10).

(a) Point source results (b) USAF target results

Figure 2.2.10: Results of the two mthods of measurement of the diffractive Tecnis ZM900 MIOL

(Source: [84]).

After the comparison of the MTFs of both methods, the study conclude that the visualization

technique by USAF target gave a further understanding of the working principles and quality of

the retina images produced by any monofocal or multifocal IOL. In 2011, Inoue et al. [86] also

performed the visualization technique using the USAF target to evaluate different MIOLs and

compare with a monofocal IOL.

Figure 2.2.11: Design of the optical bench set-up (Source: [87]).

Alba-bueno et al. [87] assembled a similar simple-pass system to Terwee et al. [84], but with

the advantage of having four different LEDs (blue, green, red, white) and an x, y, z axis movement

of the IOL and the entrance pupil of the system that gives the possibility of evaluate the effects of

decenter and tilt of any IOL (Figure 2.2.11). After preliminary measurements with monofocal IOLs,
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it was proved that the system was able to characterize any IOL by different metrics, such as PSF,

MTF, Strehl ratio or contrast measurements. After several months, they published the evaluation

of the energy balance in appodized diffractive MIOLs by using this simple-pass system [88].

While some research groups built up customized pass-simple systems, there were others that

used commercial systems to characterize MIOLs.

One of the commercial simple-pass system that was quite used was OPAL Vector System (Image

Science Ltd., UK). OPAL Vector System is a simple-pass system based on a laser of λ = 546nm as a

point light source, an artificial eye to insert the IOL, a microscope lens and a CCD camera (Figure

2.2.12). It is no longer available in the market, but several published studies can be found in the

bibliography.

Figure 2.2.12: OPAL Vector System Scheme (Source: [89]).

Kawamorita et al. in 2005 used OPAL Vesctor System to compare the MTFs of one refractive

MIOL and a monofocal IOL [90]. Later, in 2008, they compared the MTFs of two refractive MIOLs.

The main conclusion was that Rezoom MIOL gave a better image quality than Array MIOL [91].

In the same period of time, Artigas et al. [89] presented the evaluation of the image quality and

the effect of the pupil size of two hybrid MIOLs, one refractive MIOL and one monofocal IOL.

It was proved that hybrid MIOLs gave a better near vision for all analyzed pupil sizes and that

monofocal IOL provide the best distance vision.

(a) Optical scheme (b) Insturment image (c) Vertical Model Eye

Figure 2.2.13: Images of OptiSpheric R©IOL (TRIOPTICS, Gmbh., Germany) (Source: [92]).

Some time later, Soda et al. [93] published the effects of decentration on optical performance of

two diffractive and two refractive MIOLs by using a commercial system named OptiSpheric R©IOL

(TRIOPTICS, Gmbh., Germany). The study concluded that the performance was different for each
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design of MIOL and that clinically significant effects were not to be expected up to a decentration

of 0.75mm.

OptiSpheric R©IOL is a simple-pass system with a vertical optical design that allows the char-

acterization of any king of IOL (Figure 2.2.13). The instrument has its own software that provide

PSF, MTF, resolution efficiency, back focal distance and curvature radius of the lens, doing simple

and fast the characterization of any IOL.

2.2.2.2 Double-pass systems

Double-pass (DP) systems are based on the double-pass technique which consists on project the

image of a point source on the retina and capture the retinal reflection of this image. Actually,

when Flamant developed this technique in the 50’s, the chosen light source was a fringe of light

[94]. But DP technique got off the ground when Santamaría et al. replaced the fringe light source

for a point light source and captured the image with a video camera [95]. A long the years,

different improvements have been implemented in DP systems, as for example, the replacement

of the video camera for a CCD [96] or a CMOS [97] camera. Another example is the use of an

automated optometer based on a Badal system [81, 98] or an electro-optical lens [99] instead of a

manual optometer. Regardless of this improvements, it is accepted that the main components of

a DP system are a point light source, an optometer and a camera to register the DP image.

Figure 2.2.14: Scheme of a basic double-pass system (Source: [100]).

Figure 2.2.14 shows that the first pass starts with the collimated point light source passing

through the entrance pupil (EnP) and then, through the optometer, that in this example consists

in a Badal system. To finish the first pass, the point source is focused onto the retina of the eye.

In the second pass this focused image passes across the eye, the Badal system and the exit pupil

(ExP). Finally, the DP image is focused with a lens and captured by a camera (CCD).

DP systems works normally with asymmetric pupils, what means that entrance and exit pupil

have different diameters. Artal et al. proved that if they have the same diameter, the information

about asymmetric aberrations is lost [96]. It is for this reason that the major part of the DP systems

use a little and permanent entrance pupil diameter, typically 2mm, and a variable exit pupil

diameter, normally between 3 and 6mm. The fact of having a little entrance pupil makes possible

to consider the MTF of the first pass as limited by diffraction and allows to calculate the MTF of
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the second one, as is detailed below.

The intensity distribution obtained with double-pass system (IDP) may be represented mathe-

matically as the convolution of the PSF of the fisrt pass (PSF1) with the second one (PSF2):

IDP = PSF1(−x′1,−y′1) ⊗ PSF2(x′1, y
′

1) (2.2.6)

Taking into account that the Fourier transform of the PSF is equal to the OTF (Equation 2.2.2),

the Fourier transform of the IDP will be equal to the product of the OTF of the first pass with the

OTF of the second one:

F |IDP| = F |PSF1(−x′1,−y′1)| × F |PSF2(x′1, y
′

1)| (2.2.7)

F |IDP| = MTF1(U,V)eiPTF1(U,V) ×MTF2(U,V)e−iPTF2(U,V) (2.2.8)

F |IDP| = MTF1(U,V) ×MTF2(U,V) × ei[PTF1(U,V)−PTF2(U,V)] (2.2.9)

Thus, the module of the OTF is the product of the MTF of the first pass and the second one:

|F |IDP|| = MTF1(U,V) ×MTF2(U,V) (2.2.10)

Then, the MTF of the second pass can be obtained dividing the module of the Fourier transform

of IDP with the MTF of the first pass (MTF1(U,V)):

MTF2(U,V) =
|F |IDP||

MTF1(U,V)
(2.2.11)

Regarding the entrance pupil diameter, the MTF1(U,V) can be considered equivalent to the

limited diffraction MTF (MTFLD) if the pupil entrance diameter is equal or less than 2mm. This

allows a simplification of the calculations.

One of the strengths of the DP systems is that DP technique consider the scattering of the light

that is produced because of the loss of transparency of the ocular media. There is a direct correlation

between the loss of transparency of any ocular media and the optical quality. The greater the loss

of transparency, the wore the optical quality. Another strength is the possibility of characterized

the optical quality in vivo. Consequently, in 2006 Díaz-Doutón et al. compared a commercial

instrument based on the DP technique (OQAS) and a Hartmann-Shack (HS) aberrometer.The

results showed that the optical quality of the eyes affected by scattering had wore results in the

DP measurements than the aberrometer ones. That proved that DP system consider the effect of

the scatter in the optical quality [81]. A new parameter called OSI (Optical Scatter Index) was

determined to quantify the intraocular scatter light. OSI is computed as the ratio of the amount of

light within an annular area of 12 and 20 min arc and that recorded within 1 min arc of the central

peak of the DP image [101].

OQAS (Optical Quality Analysis System) was the first system that was based on the DP

technique. It was developed in the CD6 with the collaboration of the LOUM (Laboratorio de

Óptica de la Universidad de Murcia). A spin-off company from CD6, Visiometrics S.L., was

created to produce and commercialize this system. At the present time, Visiometrics is part of
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(a) OQAS Scheme (b) HD Analyzer

Figure 2.2.15: DP commercial instrument (Source: [81, 102]).

Halma plc (Amersham, UK). The third generation of OQAS is now in the market and it is re-named

as HD Analyzer.

Due to the potential of this instrument, several studies with MCLs and MIOLs had published.

In 2002, Gispets et al. compared the optical quality of two concentric bifocal CLs. Both lenses

were distance center design and performed a better optical quality for distance than for near

vision. It was also detected the pupil dependency that those lenses had [103]. One year later, Pujol

et al. evaluated the optical quality at distance, intermediate and near vision in subjects with and

without MCLs. Two different pupil diameters were performed (3 and 5mm). It was concluded

that the optical quality was better when subjects were without the MCL and that 3mm pupil

obtained better results [104].

In terms of MIOLs, Alió et al. proved that the included MIOLs provided intermediate and

near vision to the implanted subjects. In addition, the optical quality in intermediate vision

was better with the refractive MIOL and the optical quality in near vision was better with the

diffractive one [105]. In 2014, Lee et al. [106] investigated the correlations between optical quality

parameters obtained from OQAS and ocular aberrations obtained from a ray-tracing aberrometer

in eyes implanted with MIOLs. The study concluded that Strehl ratio were affected by RMS total

aberration. However, Hwang et al. [21] were not able to characterize the optical quality of a

diffractive MIOL and of a monofocal IOL using OQAS. In contrast with Alió and Lee et al., it was

concluded that was impossible to show the multifocal function of the diffractive MIOL compared

to the monofocal IOL by OQAS (Figure 2.2.16).

The difficulty to characterize the optical quality of a MIOL along the through-focus can be

produced by the dependency of the first and the second pass. A conventional DP system has only

one optometer, this might create a defocus in the image of the first pass when intermediate and

near vision optical quality is being evaluated. This means that the DP system should has first and

second pass independents of each other to be able to perform a good optical characterization of

an eye adpated or implanted with a MCL or a MIOL. In order to achieved this independence, a
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Figure 2.2.16: MTF cut-off results along the through-focus with a diffractive MIOL (Restor (black

filled points)) and a monofocal IOL (IQ(red empty points)) (Asterisks indicates statistic significant

differences between MIOLs)(Source: [21]).

second optometer has to be added in the second pass. In this way, it would be possible to have

always the image of the first pass focused and perform the through-focus with the optometer of

the second pass. A first prototype with two Badal systems was developed by Zuluaga et al. [107],

but a deep study of this modification and its potential was necessary.

2.2.2.3 Aberrometers

Aberrometers are another systems that are able to characterize the optical quality of an eye in vivo.

It is possible because they also used the retinal reflection to obtain and analyze the wavefront of

the eye. As was commented in section 2.2.2.2, aberrometers can provide an accurate information

of aberrations that DP can not. Due to this fact, there are several publications were experimental

set-ups implementing both techniques are presented [108, 109, 97].

Figure 2.2.17: Simulation of the principles of HS technique (Source: [110]).
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There are different techniques applied in aberrometers, but one of the most extended is the

Hartmann-Shack (HS) technique. The purpose of this technique is to measure the shape of the

wavefront of light that is reflected out of the eye from a point source on the retina [110]. In order

to obtain the wavefront the retinal reflection of the point source pass through an array of micro-

lenses. Each micro-lens projects an image on the CCD or a CMOS sensor registering the position

of the points formed by each micro-lens (Figure 2.2.17). These positions are then compared with

the positions that a free aberration optical system or eye would have. The position differences (4x

and 4y) between the two point-maps are calculated obtaining the wavefront of the measured eye.

Large number of publications have evaluated the optical quality of the human eye by experi-

mental set-ups [111, 112] or commercial instruments [76] based on HS technique (Figure 2.2.18).

(a) Experimental set-up of a HS aberrometer (b) KR-1W (Topcon Medical Instruments, Inc)

Figure 2.2.18: Examples of one experimental (a) and one commercialized HS aberrometer (b)

(Source: [111, 113]).

These type of aberrometers have also used to perform optical quality of adapted or implanted

eyes with MCLs or MIOLs.

Regarding MCLs, Patel et al. measured aberrations by a HS aberrometer and obtained Zernike

coefficients. It was demonstrated that some specific Zernike coefficients could be useful objective

markers of success or failure adaptation for MCLs included in the study [114].

In terms of MIOLs, Alió et al. compared optical and visual performance of one refractive MIOL

and one accommodative IOL. A commercial HS aberrometer and a DP system were employed

to perform optical quality. The main conclusion was that both lenses provided good distance

vision. Nevertheless, refractive MIOL gave better near vision rehabilitation [115]. Ortiz et al.

evaluated one monofocal IOL, one refractive and one hybrid MIOL in terms of aberrations for

two different pupil diameters (3 and 5mm). Results proved that MIOLs had greater aberrations

than the monofocal IOL. Also confirmed that hybrid MIOL had lower aberrations and less pupil

dependency than the refractive MIOL [116]. On the contrary, Charman et al. concluded that

aberrometry may not provide reliable information on the wavefront aberration associated with

either the distance or near power of diffractive MIOLs [20].

Another type of aberrometers are the ones based on ray tracing technique [118]. This technique

differs from HS one by the use of a thin laser (around 0.3mm) to scan the area of the pupil on
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Figure 2.2.19: Scanning over pupil aperture. Example of a set of entrance points (Source: [117]).

the retina. This means that the laser is focused onto the retina from a set of different entrance

points (Figure 2.2.19). Consequently, a set of projections will be registered by a camera [117]. The

same way that in HS technique, the projections are compared with the ideal projections that a free

aberration eye would have. Differences between them give the level of each aberration .

A preliminary study which consisted on the comparison of the objective and subjective visual

performance of three different MCLs was published by Vasudevan et al. in 2014. The objective

visual performance was evaluated by iTrace (Tracey Technologies) which is an aberrometer based

on ray tracing technique. No statistically significant difference were found between included

MCLs either in subjective or in objective measurements [119].
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3. Suitability to perform objective

measurements in users of multifocal

contact lenses (MCLs)

This chapter includes the clinical study that was performed to evaluate the suitability of an infrared

open-field autorefractor to obtain an accurate over-refraction evaluation for far viewing distances

after fitting MCL in non-cycloplegic adult eyes.

In 2011, an international survey of contact lens prescribed for presbyopia was conducted by

Morgan et al. in 38 different countries [44]. Results established that the average percentage

of presbyopes that were adapted with a multifocal contact lens (MCL) from 2005 to 2009 was

twenty-nine per cent.

Among other things, a contact lens adaptation implies a proper adjustment of the power

of the lens by performing an over-refraction [120]. Over-refraction is the measurement of the

residual refractive error of the eye when the patient is wearing the contact lens. In clinical practice

an autorefractor is commonly used as a screening method of over-refraction for contact lenses

users [121, 122]. Its suitability in monofocal contact lens over-refraction was demonstrated in

1997 by Strang et al.[123]. Due to the complex designs of MCLs, some inaccuracies in over-

refraction measurements obtained with the autorefractor could occur, similar to the inaccuracies

found when performing aberrometric measurements in other multifocal systems such as MIOLs

[20]. However, not all authors report problems when measuring aberrations in MCLs [124]

and objective accommodative responses have been successfully measured using an autorefractor

[119]. Moreover, autorefraction has also been used after cataract surgery in patients with MIOLs

[125, 126].

3.1 Methods

3.1.1 Subjects

Sixteen healthy young and middle-aged adults (11 men and 5 women) from a research centre

environment participated in the study. The exclusion criteria for the study were any disease or

medication that caused vision problems or contraindicated the use of contact lenses. The age

ranged from 26 to 48 years old with a mean age ± standard deviation (SD) of 31.38 ± 7.34years.

The study followed the tenets of the Declaration of Helsinki and all patients signed the informed

consent after they were explained the nature, procedures and aims of the study.
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3.1.2 Multifocal contact lenses

We used three commercially available soft MCL: Air Optix Multifocal, Acuvue Oasys for presby-

opia and Proclear Multifocal. Air Optix R©Multifocal (Ciba Vision), used in nine eyes of the study,

has a near-center aspheric refractive design [119] composed of Lotrafilcon B with a Dk = 110 and

a water contents of 33%. Its diameter is 14.2mm and the base curve 8.6mm. Acuvue R©OasysTM

for presbyopia (Johnson & Johnson), used in six eyes, has also a near-center aspheric refractive

design [127] composed of Senafilcon A with a Dk = 147 and a water contents of 58%. In this case,

the diameter was 14.3mm and the base curve 8.4mm. Proclear R©Multifocal (Cooper Vision), used

in six eyes of the study, has a near-center aspheric refractive design [128] composed of Omafilcon

A with PC with a Dk = 27 and a water contents of 60%. It has a diameter of 14.4mm and a base

curve of 8.7mm.

3.1.3 Autrorefractor

The Grand Seiko AutoRef/Keratometer WAM-5500 (Grand Seiko Co. Ltd., Hiroshima, Japan)

employed in this study is a binocular open-field autorefractor and keratometer. The basic principle

of refractive power measurement consists of capturing the image of a ring target of infrared light

after reflection on the retina. The size of the pattern formed at the eye-ground varies in relation

to the refractive power. This pattern is then detected by a CCD sensor and analyzed by image

processing to calculate the refractive data. The instrument can measure refraction in the range of

±22D sphere and ±10D cylinder in increments of 0.01, 0.12 or 0.25D for power, and 1degree for

cylinder axis. The vertex distance can be adjusted (to 0, 10, 12, 13.5 or 15mm); the minimum pupil

size for measurement is 2.3mm [129].

In this study the selected vertex distance was 12mm. The measurements were performed in

illuminance conditions low enough to obtain pupil diameters above 2.3mm (MeanPupilDiameter =

6.27mm [from 5.6 to 6.8mm]). The Grand Seiko AutoRef/Keratometer WAM-5500 (Grand Seiko

Co. Ltd., Hiroshima, Japan) had been previously validated for all these functions [130].

3.1.4 Measurement protocol

The measurements were obtained in two different sessions per person; only one eye was fitted

with a MCL per session. The first session started with a medical history, followed by a complete

optometric exam without MCL, which included keratometry, distance subjective refraction (Jack-

son crossed cylinder, maximum plus for best visual acuity) and objective refraction (Grand Seiko

AutoRef/Keratometer WAM-5500). The visual acuity (VA) was evaluated with a Bailey & Lovie

Chart 5 with the participant at a distance of 6m (20 f t) [131]; observation through a slit-lamp ruled

out any exclusion criteria conditions. Three subjective and objective refraction measurements

were performed consecutively.

Once the initial exam was completed, one eye was selected and fitted with a MCL. The

dioptric power of the contact lens was chosen randomly, without taking into account the subjective

refraction of the patient. This procedure had been used in similar studies that fitted all lenses to

ensure good movement and centration on the eye without controlling the power of the lens, thus

enabling the evaluation of the autorefractor in a wide range of spherical powers [123]. As a result,

in most cases the power of the MCL did not agree with the refraction distance of the patient.
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After fitting the MCL, the patient spent one hour with it to achieve a correct adaptation, checked

with the observation of the centration by means of a slit-lamp. Next, three consecutive repetitions

of objective over-refraction with the autorefractor and three subjective distance over-refractions

were performed to obtain the spherical and astigmatic components of the residual refraction.

In the second session the same procedure was used to fit the MCL on the eye not measured in

the previous session.

All measurements were performed by the same optometrist.

3.1.5 Data analysis

Subjective and objective over-refraction results were indicated in negative cylindrical form and

the spherical equivalent (SE; equation 3.1.1) and astigmatic refraction were determined. Power

Vector analysis [132] was used for astigmatic data: J0 (Equation 3.1.2) and J45 (Equation 3.1.3).

SE = sphere +
cylinder

2
(3.1.1)

J0 = −
cylinder

2
cos(2axis) (3.1.2)

J45 = −
cylinder

2
sin(2axis) (3.1.3)

Statistical analysis was performed with SPSS for Windows (SPSS Statistics 19, IBM, Chicago,

IL). The Kolmogorov-Smirnov test was used to verify the normal distribution of the spherical

equivalent (SE), J0 and J45 for objective and subjective over-refraction with and without MCL. The

pair of eyes was included as a factor to control for the intereye correlation. In those cases where

correlation between eyes was confirmed, one of them was excluded from the study.

Agreement between the objective and subjective over-refraction was evaluated for each mea-

sured component with the mean differences ± SD and the 95% confidence limits, as suggested by

Bland and Altman [133]. Pearson’s correlation coefficient was also calculated to compare both

techniques. To evaluate if there was any tendency in the differences to systematically vary over

the range of measurements, the Pearson correlation coefficient and its significance were also used

in the Bland and Altman plots. Finally, a paired sample t test was carried out to analyze if there

were significant differences between measurement methods for each parameter obtained in the

study. A p value ≤ 0.05 was considered significant.

3.2 Results

Finally, twenty-one eyes were included in the study. The mean best corrected visual acuity

without MCL was − 0.13 ± 0.10logMAR (range: − 0.28 to +0.02logMAR) and with MCL was − 0.07

± 0.08logMAR (range: − 0.22 to +0.18logMAR). The results with and without MCL were analyzed

to determine if the WAM-5500 is a valid screening method for over-refraction in MCL wearers. A

Kolmogorov-Smirnov analysis indicated that all parameters had a normal distribution (p > 0.05).

Table 3.2.1 shows the refractions’ data and table 3.2.2 the mean of the differences ± SD be-

tween subjective and objective measurements with and without MCL, the Pearson’s correlation

coefficients and their significance, and the paired sample t test significance.
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Table 3.2.1: Mean subjective and objective refractive errors with and without MCL in terms of SE,

J0 and J45. The mean difference ± SD (D) and range (D) are shown. (Values are in dioptres (D)).

Refraction data

Without MCL With MCL

Mean subjective Mean objective Mean subjective Mean objective

refraction ±SD refraction ±SD refraction ±SD refraction ±SD

(Range) (Range) (Range) (Range)

SE
−1.22 ± 2.44 −1.28 ± 2.36 −1.26 ± 1.76 −1.13 ± 1.78

(−8.08, 2.84) (−8.11, 3, 16) (−6.50, 0.67) (−5.51, 0.77)

J0
−0.09 ± 0.40 0.02 ± 0.37 0.00 ± 0.38 0.03 ± 0.47

(−0.54, 1.21) (−0.35, 1.31) (−0.60, 1.25) (−0.78, 1.52)

J45
−0.03 ± 0.12 −0.02 ± 0.20 0.02 ± 0.24 0.03 ± 0.24

(−0.23, 0.30) (−0.39, 0.39) (−0.65, 0.54) (−0.60, 0.36)

In terms of SE, the mean difference between subjective and objective measurements with MCL

was nearly a quarter of diopter, whereas without MCL the differences were close to zero (Table

3.2.2).

Figure 3.2.1(a) plots the correlation of SE with MCL between objective and subjective over-

refraction, with a high, significant Pearson’s correlation coefficient; as well as without MCL mea-

surements (Table 3.2.1). The Bland and Altman plot of the SE with MCL is shown in figure 3.2.1(b).

Pearson’s correlation coefficient and its significance for the Bland and Altman plot were 0.04 and

0.87, respectively. Finally, no significant differences were obtained between measurements with

and without MCL by means of a paired sample t test (Table 3.2.2). When performing the analysis

by groups based on the contact lens used no significant differences were found. In terms of SE,

we obtained p = 0.07 for the Air Optix R©Multifocal lenses, p = 0.69 for the Acuvue R©OasysTM for

presbyopia and p = 0.84 for the Proclear R©Multifocal lenses.

Table 3.2.2: Comparison between objective and subjective refraction with and without MCL. The

mean difference ± SD (D), Pearson’s correlation coefficients and their significance and the paired

sample t test significance are shown.
Statistics data

Mean difference ± SD (D) Pearson’s correlation coefficient Paired sample

(objective-subjective) r(p) t test (p)

Without MCL With MCL Without MCL With MCL Without MCL With MCL

SE −0.06 ± 0.42 0.13 ± 0.42 0.98(< 0.01) 0.97(< 0.01) 0.55 0.18

J0 0.12 ± 0.13 0.03 ± 0.32 0.94(< 0.01) 0.73(< 0.01) 0.00a 0.71

J45 0.02 ± 0.15 0.00 ± 0.17 0.65(< 0.01) 0.75(< 0.01) 0.66 0.92

(a)Significant differences

With regard to the astigmatic vectors J0 and J45 , the mean differences for both vectors with

and without MCL measurements were close to 0. The correlation of J0 and J45 when measuring

with MCL is shown in figure 3.2.2(a). Although lower than in the SE, the Pearson’s correlation

coefficients are still high and significant. Comparing these results with the results without MCL,
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the Pearson’s coefficients are almost the same for J0 and J45 (Table 3.2.2). The Bland and Altman

plot for J0 and J45 with MCL is shown in figure 3.2.2(b). The Pearson correlation coefficient for

the Bland and Altman differences was 0.28 and −0.02, respectively, and it did not reach statistical

significance in any of the cases (0.22 and 0.93). Finally, no significant differences were found in

the paired sample t test carried out with J0 and J45 over-refraction data when wearing MCL (Table

3.2.2). In contrast, the comparison of results without MCL found significant differences for J0. The

statistical analysis performed with the different MCL used showed no significant differences for

J0 or J45 (p = 0.64 and 0.88 for the Air Optix R©Multifocal, 0.77 and 0.38 for the Acuvue R©OasysTM

for Presbyopia and 0.89 and 0.69 for the Proclear R©Multifocal).

(a)

(b)

Figure 3.2.1: Correlation plot of the SE results between objective and subjective over-refraction

with MCL (a); Bland and Altman plot of the SE with the mean difference and the confidence limits

(CL) comparing the objective and the subjective over-refraction (b).

33



3.3. CONCLUSIONS

(a)

(b)

Figure 3.2.2: Correlation plot of J0 and J45 results between objective and subjective over-refraction

with MCL (a); Bland and Altman plot of J0 and J45 with the mean difference and the confidence

limits (CL) comparing the objective and subjective over-refractions (b).

3.3 Conclusions

With regard to the spherical equivalent measured without MCL, only a small mean difference

between autorefractor and subjective measurements was found, as well as an excellent correlation

and no statistically significant differences, which is in good agreement with the results of previous

studies without CL [129]. The results obtained in the measurements without MCL corroborated

the good performance of the protocol. When the measurements were performed with MCL, an

excellent correlation between autorefractor values and subjective refraction was found. The re-

sults of the mean difference and the SD and their behaviour were represented by means of a Bland

and Altman plot. When the data for the different MCL were analyzed, no differences among MCL

were found. The mean difference had a value of 0.13 ± 0.42D although it was not significant.

Other authors [125] measuring refraction in MIOL (diffractive multifocal Tecnis R©ZM900, Abbott

Medical Optics, Inc.) found equivalent mean differences (−0.12D) between autorefractor and

subjective values. Additionally, the standard deviations were also similar in both cases (Bissen-
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Miyajima 0.38D; this study 0.42D) and comparable to those obtained in measurements without

contact lenses (Sheppard 0.38D; this study 0.42D) [129]. Consequently, the accuracy and precision

of the autorefractor measurements in MCL over-refraction is comparable to MIOL over-refraction.

On the other hand, Muñoz et al. [126] found mean differences of −1.00 ± 0.61D and statistically

significant differences when measuring a refractive MIOL, a result that differs from our measure-

ments and from Bissen-Miyajima’s data. Muñoz et al. argued that these differences were caused

by the geometry of the IOL they used (refractive multifocal ReZoom R©, Abbott Medical Optics,

Inc.), which can interfere with the infrared beam of the autorefractor.

Our data support that the spherical over-refraction measured with the WAM-5500 autorefractor

when wearing MCL is practically identical to the subjective over-refraction. Indeed, it was

lower than the minimum dioptric change applied in clinical practice (0.25D). Moreover, these

differences were not significant and the precision of the measurement was similar to that obtained

in monofocal measurements. We were able thus conclude that the autorefractor provides a good

estimate of the spherical refraction in patients wearing MCL.

With regard to astigmatic vectors when evaluating without MCL, the mean difference, Pear-

son’s correlation coefficient, the Bland and Altman plot and the t-test results showed the good

agreement between autorefractor and subjective measurements, except for the t-test results in J0,

where significant differences were found. In their study of the clinical evaluation of the Grand

Seiko WAM-5500, Sheppard et al. [129] also found significant differences in J0 with similar values

in the mean difference (0.04D). Although statistically significant differences are found, they are

below 0.25D and therefore of no clinical significance. Indeed, results in astigmatic subjects also

demonstrate the good performance of the protocol. In the results with MCL, the mean differences

for the astigmatic vectors were close to zero, there was a good Pearson’s correlation coefficient and

the Bland and Altman plot showed the good agreement between measurements for both J0 and J45

vectors. Finally, in astigmatic vectors the differences found were not statistically significant for all

MCL considered together and when the different MCL were analyzed. The results with MCL are

in good agreement with the results obtained by other authors [125, 126] that used autorefraction in

patients with MIOL and who found mean differences close to zero and good Pearson’s correlation

coefficients. Moreover, when comparing the performance of the autorefractor with and without

MCL, the results can be considered similar. Consequently, we concluded that the performance of

the WAM-5500 autorefractor with MCL is as valid as without MCL. Furthermore, the autorefractor

gave a good estimation of the astigmatic refraction of MCL wearers.

In summary, we concluded that the Grand Seiko WAM-5500 is a valid screening method of

over-refraction in the clinical fitting of MCL.

This study was presented in ARVO meeting 2013 [134] and published in the journal Contact

lens & Anterior eye in 2015 [135].
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4. Visual quality performance of

multifocal intraocular lenses

(MIOLs) before surgical implantation

Regarding section 2.2.1.2 of the State of art, one of the instruments developed during the last

decade to assess visual quality of a patient with a MIOL before its surgical implantation was

VirtIOL (10Lens, S.L.U).

VirtIOL is able to simulate the implantation of any existing MIOL per any observer. This is

possible due to its optical design (Figure 4.0.1). It is an open-field design that projects the evaluated

MIOL, or any other kind of IOL, into the patient’s pupil plane. The magnification effect and the

refraction of the MIOL is compensated for distance vision.

Figure 4.0.1: Optical design of VirtIOL and its elements: vision test (1); mirror (2); artificial eye

(3); MIOL submerged in saline solution (4); lens (5); mirrors (6 and 7); aperture of the pupil (8);

lenses (9 and 10); cold mirror (11); IR LED (12); mirror (13); pupil’s camera (14); pupil’s display

(15); patient’s eye (16).

The MIOL (4) is inserted in the artificial eye (3) becoming the conjugate of the patient’s pupil

plane thanks to the optical system formed by the different lenses and mirrors (5, 6, 7, 9, 10, 11).

Thus, the patient (16) observes the test (1) through the MIOL (4) inserted in the artificial eye of the

system. As a consequence, an analysis of the visual performance of the patient can be carried out

as if the patient was implanted with the inserted MIOL.

This instrument and the other ones commented in section 2.2.1.2, opened up highly valued pos-
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ITS SURGICAL IMPLANTATION

Figure 4.0.2: Image of VirtIOL while the patient is observing a vision test through the inserted

MIOL.

sibilities in the MIOLs market. Therefore, a study based on the validation of this instrument was

done. Furthermore, two different studies were performed using VirtIOL during the development

of the new MIOL Precizon Presbyopia (OPHTECH BV).

4.1 Preliminary clinical study to assess visual quality of MIOLs

before its surgical implantation

The purpose of this study was to evaluate the suitability of the VirtIOL to predict the visual

performance obtained with a MIOL prior to surgery.

4.1.1 Methods

4.1.1.1 Patients

Ten eyes of ten healthy presbyopic adults were included in this study (6 women and 4 men). The

range of age was from 52 to 81years old with a mean± Standard Deviation (SD) of 67.91±10.26years.

The mean ± SD decimal best distance corrected visual acuity (BDCVA) was 0.92 ± 0.11 and best

distance corrected near visual acuity (BDCNVA) was 0.93 ± 0.10. All the exclusion criteria were

a BDCVA and a BDCNVA less than 0.7, problems of transparency in ocular mediums except

incipient cataracts and any disease or medication that caused vision problems.

The study followed the tenets of the Declaration of Helsinki and all patients signed the informed

consent after they were explained the nature procedures and aims of the study.

4.1.1.2 Multifocal Intraocular Lens (MIOL)

Only one MIOL was included in this study to perform the measurements by means of VirtIOL.

The MIOL included in this study was the Lentis R©Lentis R©MPlus (Oculentis R©). This lens

is based on a 6mm optic zone with an aspheric distance-vision zone combined with a surface-

embedded near-vision zone [136]. It achieved the Conformitée Européenne (CE) marking in

March 2009.
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4.1.1.3 Measurement protocol

The measurements were performed in two different sessions:

• 1st Session: MPlus was inserted in the artificial eye of VirtIOL. The eye of the patient

which was not yet implanted (the eye with its natural crystalline lens) was centered in the

instrument. Thus, visual quality was determined for far and near vision with the presbyopic

eye observing the test through the MPlus inserted in the VirtIOL.

• 2nd Session: it consisted in obtaining the evaluated parameters (explained below) three

weeks after the implantation of the MPlus without VirtIOL.

The evaluated parameters were decimal Visual Acuity (VA), Contrast Sensitivity (CS) and

visual perception. Snellen chart and CSV-1000E (explained in section 2.2.1.1.) were employed to

asses VA and CS respectively. In terms of visual perception, the patient did subjective comparison

of the vision of a letter and a point light source between virtual multifocal implant and post-

implantation vision. The range of the comparison was from 0 to 5, being 0 different and 5

completely the same. All the patients were corrected for distance vision.

VA differences were presented in decimal scale for best distance corrected VA (BDCVA) and

best distance corrected near VA (BDCNVA) vision. In terms of contrast sensitivity, the differences

were expressed in the logarithmic scale per each analyzed frequency.

The room was under low luminance conditions and the patients had a pupil of around 4−5mm

for distance vision. All the measurements were performed by the same optometrist.

4.1.2 Results

Figure 4.1.1: Visual acuity differences between first and second session for the BDCVA (Best

Distance Corrected Visual Acuity) and BDCNVA (Best Distance Corrected Near Visual Acuity).
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The mean absolute difference in BDCVA and BDCNVA between simulated multifocal implan-

tation and three weeks post-implantation were 0.10 ± 0.13 and 0.16 ± 0.12 respectively (Figure

4.1.1).

In terms of CS, the mean absolute differences between simulated multifocal implantation

and real implantation were: 0.29 ± 0.38 for 3cycles/degree frequency, 0.74 ± 0.68 for 8cycles/degree

frequency, 0.73 ± 0.59 for 12cycles/degree frequency, and 0.52 ± 0.32 for 18cycles/degree frequency

(Figure 4.1.2).

Figure 4.1.2: Mean contrast sensitivity differences curve between first and second session for

BDCVA (Best Distance Corrected Visual Acuity).

Furthermore, the results (mean±SD) of the subjective comparison were 3.20 ± 0.79points and

2.50 ± 0.71points for the letter and the point light source, respectively.

4.1.3 Conclusions

The new instrument VirtIOL was a useful tool to predict the visual performance of a patient before

surgery.

Differences found between simulated and real implant are associated with little opacification

of the crystalline lens. It was required that the patient had a clear eye at the simulation time as it

happens in Refractive Clear Lens Exchange. This was confirmed with one patient, who showed

very similar results between simulated implantation and real implantation, due to the normal

transparency of his eye.

This study was presented in ARVO meeting 2015 [79].
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4.2. VISUAL QUALITY PERFORMANCE OF DIFFERENT MIOLS BY MEANS OF A
SIMULATED IMPLANTATION

4.2 Visual quality performance of different MIOLs by means of

a simulated implantation

This study was part of the development process of the new MIOL Precizon Presbyopia (OPHTECH

BV). The main goal of it was to simulate the performance by means of the VirtIOL vision simulator

in a new MIOL design and compare it with the performance of a commercial one. Moreover, the

study was also used to improve the final design.

4.2.1 Intraocular lenses

Four IOLs were measured in the present study. Three MIOLs were tested: a new MIOL design

(NDIOL, OPHTEC prototype, P = +20.00D Add = 2, 75D) with the central zone corresponding to

far refraction (NDIOL-FC), the same but with the central zone corresponding to the near refraction

(NDIOL-NC) and a commercial one (Lentis R©MPlus, Oculentis R©, P = +20.00D Add = +3.00D).

Finally, a monofocal IOL (Artisan Aphakia, OPHTECH BV, P = +20.00D) was also tested and used

as reference.

4.2.2 Measurement protocol

A through-focus with different contrast levels, evaluation of decentration and rotation effect and

performance under small pupils for high (L = 250cd/m2), intermediate (L = 150cd/m2) and low

(L = 15cd/m2) background luminance was performed per each lens in each condition.

The through-focus was performed from far (0D) to near vision (−3D) in 0.5D steps, evaluating

at each step the VA and subjective perception in natural pupil conditions. The VA for far and near

vision was evaluated with contrast of 100%, 25% and 10% (ETDRS Charts).

The subjective perception was assessed whereby a questionnaire in which the patient has to

gradate the intensity of the double vision and the halos from 0 (there was no perception of double

vision or halos) to 3 (double vision or halos were clearly presents) for each lens.

The effect of decentration was evaluated measuring the VA and subjective perception when a

positioning error of ±0.5mm is induced in x and y axis. The decentration is controlled through the

reticle of the display of the VirtIOL (Figure 4.0.2).

The effect of orientation was evaluated measuring the VA and subjective perception at three

IOL rotations (0, 120 and 240degrees).

Finally, performance under small pupils was evaluated by means of a through-focus with

different contrast levels at fixed 3mm pupil.

All the measurements were performed by the same operator and the same well trained observer

in order to maintain the same criterion. The observer was a male of 54 years old with a refraction

of +1.25D (Add = +2.00D) in the measured eye. Measurements were repeated three times showing

similar results.

4.2.3 Results

The through-focus results referring the VA for all the evaluated lenses for a high background

luminance are shown in figure 4.2.1. In far vision conditions the best VA was obtained, as
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expected with the Artisan IOL (−0.20 ± 0.00logMAR). MIOL lenses showed similar values, with

little or no differences, specifically VA for the MPlus was −0.10 ± 0.00logMAR, for the NDIOL-CF

−0.10 ± 0.00logMAR and for the NDIOL-CN −0.07 ± 0.05logMAR. In near vision, the best VA was

obtained with the NDIOL-CN (−0.07 ± 0.05logMAR) followed by MPlus (−0.05 ± 0.07logMAR),

the NDIOL-CF (−0.03 ± 0.05logMAR) and, as expected, by the Artisan IOL (0.50 ± 0.00logMAR).

When measuring under intermediate background luminance, the through-focus curves changed

slightly, the MPlus showed a more marked bifocal behavior than the NDIOL. This behavior

consisted on an accommodative curve with well identified peaks for far and near vision and

decreased intermediate vision. For low luminance conditions NDIOL lens had a nearly flat curve

all over the stimulus range, while the MPlus IOL showed two peaks for far and near vision.

Figure 4.2.1: Visual acuity results for the through-focus for all lenses with natural pupils in high

luminance conditions and 100% of contrast.

In terms of subjective perception, the MPlus and NDIOL lenses showed similar results, with

low scattering in all the steps of the scanning and increasing double vision in the steps where the

VA decreases.

Table 4.2.1: Far Visual Acuity (FVA) and Near Visual Acuity (NVA) in LogMAR units for each

contrast level (100%, 25% and 10%) in high luminance conditions.

MIOL
100% Contrast 25% Contrast 10% Contrast

FVA±SD NVA±SD FVA±SD NVA±SD FVA±SD NVA±SD

Artisan −0.20 ± 0.00 0.50 ± 0.00 −0.17 ± 0.00 0.53 ± 0.00 0.04 ± 0.00 0.73 ± 0.00

NDIOL-CF −0.10 ± 0.05 −0.03 ± 0.05 0.03 ± 0.05 0.10 ± 0.05 0.10 ± 0.05 0.17 ± 0.05

NDIOL-CN −0.07 ± 0.05 −0.07 ± 0.05 0.06 ± 0.05 0.06 ± 0.05 0.13 ± 0.05 0.13 ± 0.05

MPlus −0.10 ± 0.00 −0.05 ± 0.07 0.03 ± 0.05 0.03 ± 0.05 0.10 ± 0.05 0.15 ± 0.05

The VA with lower contrast measurements showed the Artisan IOL losing 0.03 ± 0.00logMAR

units at 25% contrast, while the MPlus and NDIOL decreased 0.13±0.05logMAR units at the same

contrast. When reducing the contrast up to 10%, all the three lenses showed a similar decrease in

the VA of around 2 lines (Table 4.2.1).
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4.2. VISUAL QUALITY PERFORMANCE OF DIFFERENT MIOLS BY MEANS OF A
SIMULATED IMPLANTATION

When inducing positioning errors by means of decentrations in x and y axis, we found no

effect on the VA along the through-focus (Figure 4.2.2). The only case when there was a change in

VA due to decentration was with MPlus IOL in upper decentration, where there was an increase

of a line in the VA.

Figure 4.2.2: Mean absolute difference of VA [logMAR] between central position and decentered

positions from the optical axis [mm] of each MIOL.

Regarding the rotation of the lens, both NDIOL MIOLs showed no changes in the through-

focus curves of the VA at the three different rotating positions, while MPlus showed big changes

(Figure 4.2.3).

Figure 4.2.3: Visual Acuity [logMAR] at far and near vision of the MPlus (MP) and the NDIOL-CF

(ND) MIOLs for each angle to study the rotational effect.
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MULTIFOCAL INTRAOCULAR LENS AND A COMMERCIAL ONE.

Finally, when measuring with small pupils, the overall performance in terms of through-focus

with different contrast levels was similar to the obtained under natural conditions. In the MPlus

IOL there was a decrease of 0.05± 0.05logMAR units at the peak VA with 3mm pupils, while in the

NDIOL there was an increase to 0.08 ± 0.05logMAR units.

4.2.4 Conclusions

In terms of VA with lower contrast levels, there were small differences between lenses. As

expected, the Artisan IOL showed the best performance under low contrast conditions, with the

multifocal designs having slightly higher VA decreased in those conditions.

There was no or little impact of the positioning errors on the visual performance of the IOLs.

The only case where there was a change of VA was in the MPlus upper decentration for far vision,

where there was an increase of one line of VA as the lens was acting as a monofocal lens due to

the decentration.

Due to rotational symmetry of the NDIOL and the Artisan IOL, there was no effect on the

visual performance when measuring at the different rotation positions of the lenses. On the other

hand, the MPlus, which has a non-rotational symmetrical design, showed angle dependent visual

performance.

When measuring with small pupils, the MPlus IOL increased the VA in half line, which is a

small difference and could be attributed to be acting as a monofocal lens when operating with

such small pupils. On the other hand, the NDIOL lens, suffered a decrease of 0.085logMAR units

when using small pupils of 3mm.

In summary, VirtIOL vision simulator allowed assessing visual performance of IOL before

surgery. In this study this instrument had used to evaluate the performance of the MPlus IOL

and to assess the development of a new multifocal IOL prototype, NDIOL. The VirtIOL was

able to simulate any IOL design, even the more complex as the MIOLs. The results obtained

with the MPlus were in good agreement with the results previously published by other authors

[137] when measuring through-focus in patients implanted with MPlus IOL. The through-focus

measurements of the VA showed that the MPlus had more marked bifocal lens behavior than

NDIOL lenses. Both lenses showed good subjective perception in terms of double vision and

halos, and in the preliminary steps of the NDIOL development those measurements helped in a

design improvement of the lens.

This study was presented in the 7th European coinciding with the 1st World Meeting in Visual

and Physiological Optics (Wroclaw 2014) [78].

4.3 Visual performance comparison between new prototype of a

multifocal intraocular lens and a commercial one.

This study was the last one included in the OPHTECH project to finally have all the needed infor-

mation to add the last improvements in the new MIOL. The study was performed in collaboration

with Hospital Universitari Mútua de Terrassa.

The main goal of the study was the improvement of a new MIOL during the development

process assessed by the visual performance evaluation measured with VirtIOL (10Lens S.L.U.).
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4.3.1 Intraocular lenses

Two different MIOLs and one monofocal IOL were included. A new MIOL design, M5 by

OPHTEC, with a central zone corresponding to far refraction was studied. This is a spherical

refractive symmetric MIOL with +2.75D of addition. The last version of the M5 IOL (M5CF-O)

was used in this study. The commercial Lentis R©MPlus (Oculentis R©, Add = +3.00D) MIOL was

also included. The MPlus is an aspheric asymmetric design with surface-embedded near section

[138]. Finally, a monofocal IOL, Artisan Aphakia (OPHTECH BV) was used as a reference.

4.3.2 Patients

Twenty-five eyes of twenty-five healthy presbyopic patients (16 women and 9 men) were included

in this study. The mean age ± the SD of them were 62.96 ± 3.78years and a range from 58 to 70

years. All of them had been bilaterally implanted with monofocal IOLs 6 months before the

measurements. Due to this, problems of transparency or of accommodation are avoided. In

terms of refractive error, the value of the sphere was between −1.00D and +1.00D and a value of

astigmatic error between 0.00D and −0.50D. Furthermore, the visual acuity was 1.0 or upper in

the decimal system.

Only one eye of each patient was measured. It was chosen randomly since both eyes were at

the same conditions.

The study followed the tenets of the Declaration of Helsinki and all patients signed the informed

consent after they were explained the nature procedures and aims of the study.

4.3.3 Measurement protocol

Visual Acuity (VA) and visual preception were evaluated per each included lens by means of a

through-focus using VirtIOL. The through-focus was performed from +1.00D relative to the far

vision of the patient to −3.00D in steps of −0.50D, that is equivalent to an accommodative stimu-

lation from −1.00D to +3.00D. Contrast Sensitivity (CS) was only evaluated for far (accomodative

stimulation of 0.0D) and near vision (accomodative stimulation of 2.75D). Trial lenses were used

for inducing the accommodative stimulus.

VA was evaluated using Snellen chart which presents 4 different letters per each line of vision.

The visual perception was assessed in terms of dispersion, halos and double vision in each step of

the through-focus. The patient punctuated his perception form 0 to 3 (0: minimum, 3: maximum).

CSV-1000 test was employed to obtain CS data.

The room was under low luminance conditions and the patients had a pupil of around 4-5mm

for far vision.

The three IOLs (M5CF-O, MPlus and Artisan) were randomly evaluated in order to avoid a

possible learning effect.

4.3.4 Results

The through-focus curves of the three IOLs are shown in figure 4.3.1. The graph plots the visual

acuity (in decimal units) against the accommodative stimulation (D).
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Figure 4.3.1: Mean defocus curves, representing the visual acuity (VA) in decimal units [decimal]

against the accommodative stimulation in diopters [D].

The best visual acuity for far vision was achieved by means of the monofocal IOL (Artisan),

as expected. There was an slightly difference between the multifocal lenses, MPlus and M5CF-

O. Regarding the near vision, both MIOLs had again similar values, while the monofocal one

(Artisan) had a clearly lower near VA.

In terms of the shape of the curve, the Artisan IOL showed only one peak, as it is normal due

to its design. On the contrary, the MIOLs showed a bifocal shape, with good far and near visual

acuity and slightly worst at intermediate distances. Both MIOLs had very similar curves.

The results about visual perception in terms of hallos, dispersion and double vision were also

analyzed. In all perception parameters both MIOLs obtained similar values. Regarding hallos

perception, it is a little bit lower in the case of the M5CF-O. In terms of double vision and dispersion

were practically the same. No detection of hallos, dispersion or double vision was expressed by

any included patient for the Artisan IOL.

In agreement with VA and visual perception results, both MIOLs obtained pretty similar results

both in far and in near vision. Artisan IOL had a higher contrast sensitivity in far vision and a

similar one in near vision in comparison with the MIOLs.

4.3.5 Conclusions

The behavior of the new multifocal IOL prototype, M5CF-O, was tested and compared with a

monofocal (Artisan Aphakia) and a commercial one (MPlus) by means of the VirtIOL prior to

surgery.

The main conclusion was that M5CF-O was as good as MPlus and that some changes should

be applied in the optical design to be able to improve the intermediate vision.
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5. Open-field double-pass system

with asymmetric focus (DPAF)

This chapter presents the new compact open-field double-pass system with asymmetric focus

(DPAF) that it has developed throughout this thesis.

As it was mentioned before, the main difference between this system and other commercial

or customized double-pass systems is the fact that this has asymmetric focus. This means that

the focus of the first and the second pass are totally independent. This property makes possible

to send a focused source point image on the retina of the patient while a through-focus along

the power range of the MCL or MIOL is performed with the second pass. So as to achieve this

condition a customized opto-mechanical design and management software have been developed.

5.1 Opto-mechanical design and assembled prototype

Some important factors had considered to decide the optical design. One of them was the use

of electro-optical lenses (EOLs) as an optometers. This way was possible to optimize as much as

possible the dimensions of the instrument. Sanabria et al. demonstrated the suitability of these

kind of lenses to be used as an optometer [99]. Another factor was the decision of assembling an

open-field instrument to avoid instrument myopia [139]. Finally, it was also decided to use a high

sensitivity camera to be able to notice any difference among all the images of the through-focus.

Once all these considerations were clear, different configurations were simulated to choose the

one represented in figure 5.1.1.

The optical design shows that the first pass starts with a collimated laser of 780nm wavelength

(C7805M−SMF, Monocrom S.L.) that passing through an entrance pupil (EP) of 2mm and the EOL

1 (Optotune EL-10-30 IR (Optotune Switzerland AG)), is then reflected by mirror 1 (M1) to the hot

mirror (HM) going through a beamsplitter (BS) and a 60mm focal length achromatic doublet (L1).

The HM reflects again the light to cross the dichroic filter (DC) and arrive to the eye, which focuses

the laser point source on the retina. At this point, the first pass ends and the second pass starts

with the reflection of the point source on the retina. After going through the optics of the eye, the

DC, the HM and the L1 again, BS reflects the retinal reflection to the EOL 2 (Optotune EL-10-30 IR

(Optotune Switzerland AG)). The EOL 2 collimates the light and direct it by mirror 2 (M2) to an

afocal system, constituted by two 100mm focal length achromatic doublets (L2 and L3). Then the

collimated light is reflected by mirror 3 (M3) and arrive at the camera lens passing first through the

4mm exit pupil (ExP). The camera lens focuses the retinal reflection on the CMOS (Complementary

Metal Oxide Semiconductor) sensor of the camera (DP camera)(ORCA-flash 4.0 V2 CMOS camera

C11440-22CU (Hamamatsu Photonics K.K.)), finishing the measurement with the registration of

the DP image. Following manufacturer’s suggestions, both EOLs were horizontally positioned to

prevent coma aberration (Appendix 2).
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5.1. OPTO-MECHANICAL DESIGN AND ASSEMBLED PROTOTYPE

Figure 5.1.1: Optical System Design composed for laser, EP (entrance pupil), EOL1 (electro-optical

lens 1), M1 (mirror 1), BS (beam splitter), L1 (lens 1), HM (hot mirror), DC (dichroic filter), Pupil‘s

Camera, EOL2 (electro-optical lens 2), M2 (mirror 2), Afocal System (L2 (lens 2) and L3 (lens 3)),

M3 (mirror 3), ExP (exit pupil), Camera Lens and DP Camera (double-pass camera).

A vibrating motor was added in the mounting of the HM to act as a scanning mirror [140] and

avoid speckle problems.

A pupil’s control system have been also added in the design to control the centration of the

eye and to be sure that the eye’s pupil plane is conjugated with entrance and exit pupil of the

instrument. The pupil’s control system is composed for IR LEDs (λ = 950nm), the DC mentioned

before, and a camera (pupil’s camera). The camera has to be focused where the eye’s pupil plane

has to be placed to be conjugated with entrance and exit pupil of the system.

The diameters of the EP and the ExP are different to not loose the phase information of the

OTF (explained in chapter 2). In 1995, Artal et al. demonstrated that if a DP system works

with symmetric pupil’s diameters this loss takes place. As a consequence, the coma aberration is

disregarded and the optical quality of the measured optical system is overestimated [96].

A customized semi-closed mechanical system was created to assembled the prototype of this

new and compact DPAF (Figure 5.1.2). The global dimensions of the system are 60x40x40cm

(length x width x height). A head support was also added in front of the IR LEDs to to be able to

fix the position of the patient’s eye that has to be evaluated in-vivo.

In addition, there are some elements of the instrument that need to be managed electronically.

For this reason, are also part of the system one customized electronic box and a personal computer

(PC). The laser, the IR LEDs, the vibration motor, and both EOLs are connected to the customized

electronic box. Pupil’s camera, DP camera and the electronic box are directly connected to the PC.

A couple of softwares were employed to control the system and manage the DP data. A detailed

explanation is found in the following section.
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Figure 5.1.2: Image of the DPAF prototype assembled in our laboratory.

5.2 Control and analysis software

A software based on two different interfaces was employed for the DPAF: the first one, to control

all the hardware of the system (laser, IR LEDs, vibration motor, EOLs, and both cameras), and

the second one, to analyze the data that is needed to evaluate the optical quality of the measured

human or model eye adapted with a MCL or implanted with a MIOL.

The software was developed by using Matlab (Mathworks, 2016).

5.2.1 Control interface

Control interface can be divided in three different parts (figure 5.2.1): management of the hardware

(green square), measurement options (purple square), and data acquisition (orange square).

The management part has first the real-time image of the DP and the pupil’s camera. Just

below the initialization box is found and it used to switch on or off: the electronic box (Port),

both cameras, vibrator, and IR LEDs. It is possible to control the intensity of the IR LEDs (from
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Figure 5.2.1: Image of the graphical interface of the control part.

0 to 1000a.u.). DP camera has an specific box where the highest grey level of the real-time image

can be gotten at any moment (Img info: + Update ImInfo), the exposure time can be chosen (from

0.01 to 10.00ms), and the size of the real-time DP image can be changed (2048 × 2048, 1024 × 1024,

512 × 512, or 256 × 256). Finally, a control box for the laser and another for both EOLs are also

included in this part. In the case of laser can be activated or deactivated and its intensity can be

controlled (from 0 to 2000a.u.). The EOLs can be switched on or off and the level of current (from

0 to 2000a.u.) and/or the dioptric power of them can be manually changed (from −8.00 to +7.00D).

They have also a collimation button to automatically change their dioptric power to 0D.

The purple square contains the different possibilities to measure. As it is easy to distinguish,

there are six kinds of measurements:

• Background Image (Bkg images): to get background images at an specific dioptric power of

the EOLs.

• Images (Get images): to register DP images at an specific dioptric power of the EOLs.

• First focus (First focus): to capture all the images of the symmetric DP analysis in any diopter

range. In this measurement both EOLs have the same dioptric power along the scan.

• Refine 1st pass (Refine EOL 1): to make a scan of a little range of diopters only changing the

dioptric power of EOL 1.

• Refine 2nd pass (Refine EOL 2): idem than Refine EOL 1 but only changing the dioptric power

of EOL 2.

• Through-focus (Throughfocus): to register every DP image along all the power range of the

implanted MIOL or adapted MCL of the analyzed eye. This is the main measurement of
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our prototype. In this case the EOL 1 reminds in the dioptric power that compensates the

refraction of the measured eye and the EOL 2 change its dioptric power to analyze all the

power range of the multifocal lens.

Is it possible to choose the number of captions (NCap), the range of dioptric power that needs

to be scanned (Dpt 0 and Dpt 1) (from −8.00D to +7.00D) and the power steps of the analysis

which can be from 0.125D to 2.00D(delta). Taking as example the throug-focus column of the

characteristics table (Thr), the information should be understood that 6 images are going to be

captured and averaged at each step. The analyzed power range is going to be from +1D to -4D of

the initial power position of the EOL 2 in steps of 0.25D. This can be change in any moment for

any kind of measurement explained above.

There’s a third part which function is to check and saved the acquired DP images. Any

averaged image for each step of the scanning can be observed in the group of the nine little

squares. In addition, the maximum grey level of each image is shown on the top of each square.

In the left big square there is a bar graphic of the maximum grey level of each image, making

easier the choice of the best or group of best DP image/s. Thanks to the images box (Images), the

size of the shown images can be chosen by Preview option (2048 × 2048, 1024 × 1024, 512 × 512, or

256 × 256), the specific correlatives nine averaged images of the scanning that are shown can be

changed by Case option (1 − 9, 10 − 18, 19 − 27,...), and the power of both EOLs can be changed

to the specific power of any acquired image by using the option Case for and clicking Set EOLs

button. Finally, two different options to save the DP images are possible. One option is only save

the averaged image for each step (Save Averages...) and the other is to save every caption and the

averaged image for each analyzed step (Save All...).

5.2.2 Analysis interface

The analysis interface is necessary to process the DP images and to obtain the value of several

parameters which determinate the optical quality of the measured eye along the power range of

the MIOL or the MCL with which is implanted or adapted.

Figure 5.2.2 shows that the analysis graphical interface is divided in two main parts.

The first part indicated with the green square gives all the visual information about the analyzed

DP image. In the included image are represented two different pseudo-colored DP images where

each color indicates each grey level (blue = low), red = high). This way it is possible to do a

visual interpretation of the energy distribution of any image. The image represented in the left

square is indicated as DPL (Double-Pass Left) and the one in the right square is indicated as DPR

(Double-Pass Right). The Image menu allows to choose the DP image or images that have to be

analyzed and also the background image or images that should be subtracted from the DP one/s.

If more than one image is selected, the averaged image is represented in the graphic dialog. The

centered drop-down menu is used to choose the image or curve that the professional wants to

observe (Figure 5.2.3). The Point Spread Function (PSF) and the Modulation Transfer Function (MTF)

of any processed image can be represented once the analysis and calculations are done. The name

of the selected files are next to this drop-down menu. The table that is just below of the Image

menu allows to configure other parameters of the images that were not used in this thesis.

The second part includes the analysis box where it can be chosen which image have to be

51



5.2. CONTROL AND ANALYSIS SOFTWARE

Figure 5.2.2: Image of the graphical interface of the analysis part.

Figure 5.2.3: Image of the centered drop-down menu to choose the image or curve that can be

shown in the graphical areas.

analyzed: the (DPR Image), the (DPL Image), or both at the same time. The rest of the options

included in this menu were not either employed in this thesis. This second part also includes the

DP parameters table. This table contains seven different parameters, but only three of them were

considered in our work: the FWHM (Full Width Half Maximum) of the PSF, the cut-off of the MTF

(Vo), and the Strehl ratio (SR).

All the graphical and numerical information obtained with this interface haves made it possible

to do a complete evaluation of the optical quality of the measured eyes implanted with a MIOL
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or adapted with a MCL in each analyzed position of their power range.

5.3 System’s validation

Different characterizations and validations of some elements and the whole system were done.

5.3.1 Characterization of electro-optical lenses (EOLs)

The DPAF prototype is compounded by several programmable elements as are the cameras, the

laser, etc... But ones of the most important are the EOLs, since they are the base of the function of

the system. EOLs are essential to achieve the assessment of the optical quality along the whole

through-focus. Due to this reason, the first thing that it was done to evaluate the function of

the system was the characterization of both EOLs (Figure 5.3.1). It consisted on placed the EOLs

on a lensmeter and registered the dioptric power for each level of current. The current level

was change in steps of 20a.u.. Four different rounds were performed for each EOL: two of them

were done from the maximum level of current to the minimum, and the other two in the inverse

direction. Based on the power results, focal lengths were calculated obtaining that the focal length

range ± SD for EOL 1 is from 141.18 ± 6.99mm to 46.60 ± 0.16mm, and from 164.38 ± 5.22mm to

53.33 ± 0.21mm for EOL 2.

Figure 5.3.1: Characterization of the focal length of both EOLs based on the level of current.

These curves of the focal length dependent on the level of current allowed to estimate the

current offset that it is necessary to apply to have the same dioptric power with both lenses, the

amount of current that is necessary to change the power in any dioptric step (f.e: steps of a quarter

or a half diopter), the amount of current that each EOL needs to measure an emmetropic eye

(collimated configuration) and the power correction range of the system.
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Once the DPAF was assembled, it was proved that the light was collimated ant the end of the

1st and the 2nd pass in the collimated configuration. So as to check the collimation at the end of the

1st pass, a camera focused to infinity was placed in the Exit Pupil (ExP) plane of it and a focused

point source image was captured. Then, a flat mirror was positioned at the Entrance Pupil (EP)

plane of the 2nd pass, which is also the ExP plane of the 1st one, and the camera used before was

placed in the ExP plane of the 2nd pass. A focused point source image was also registered. Finally,

the DP camera of our prototype was added and it could be checked that it was also well focused

to infinity.

Another aspect that was verified was the power correction range of the system. This time

the pupil’s plane of the model eye, described in chapter 4, was situated at the ExP’s plane of the

1st pass. A monofocal IOL was inserted in the model eye to act as a crystalline lens and a black

cardboard was placed after the last BK − 7 window to act as a retina. Trial spherical lenses with

positive and negative powers were placed in front of it to change the refraction of the eye and

correct it with the optometers of the set-up. A symmetric double-pass analysis of 2D in steps of

0.25D was performed per each used trial lens. Then, the 8 images were analyzed to check that the

current level of both EOLs of the best image corresponded to the created ametropy of the model

eye. The result was a power correction range from −9.00D to +10.00D, as expected (Figure 5.3.2).

Figure 5.3.2: Power correction range based on the current level of each EOL.

5.3.2 Validation of the laser power

Due to the fact that this system has to do in vivo measurements, it was also necessarily to measure

the intensity of the laser to verify the intensity established in the regulation IEC 60825-1 [141]. It

defines the maximum tolerable values of a laser exposure depending on the wavelength of the laser

and the exposure time. The DPAF has a laser of 780nm wavelength and exposure times longer than

10s. Thus, the maximum tolerable exposure for this prototype power on the cornea is 14.45W/m2.
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The maximum value of a the laser exposure on the cornea in the DPAF is 6.99W/m2. Although,

the system was never used in this condition. The value was never higher than 1.98W/m2 in all

the measurements. The power of the laser was measured by means of the power meter PM100D

with the power sensor S120C (Thorlabs, Inc). All the measurements were performed in dark room

conditions.

5.3.3 Optical validation of the DPAF

Once the specific elements characterization and validation was finished, the optical validation of

the whole system was performed.

Figure 5.3.3: Graphic representation of the MTF of the system (solid line) and the MTF limited by

diffraction (dashed line) that were used to do the optical validation.

As in the collimated configuration validation is explained, a plate mirror was placed in the

ExP’s plane of the 1st pass and three images of the laser point source going through the whole

system were captured. The measurements were done with an EP’s diameter of 2mm. The average

of those images were obtained and different Fourier calculations were done to get the MTF of the

experimental set-up. This MTF was compared with the MTF limited only by diffraction and the

Strehl ratio was calculated. As figure 5.3.3 shows, the obtained MTF of the system is a little bit

lower than the limited by diffraction. However, the value of the Strehl ratio was 0.86, thus it is

possible to consider the system as limited by diffraction [142, 143].

5.3.4 Validation of the through-focus measurements

The last step in the validation of the assembled system was the optical quality characterization of

two different MIOLs implanted in a model eye.
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5.3.4.1 Methods

Model Eye

The used model eye was the same customized model eye presented in chapter 4. The same way

that in the validation of the power range (Subsection 5.3.1), a black cardboard was placed after

the second BK − 7 window to act as a retina.

MIOLs

Two MIOLs were used to perform the in vitro measurements: One concentric diffractive MIOL

(AcrySof R©IQ ReSTOR R©SN6AD1, Alcon Novartis Company) and, one non-concentric refractive

MIOL (non-commercialised MIOL). The diffractive MIOL has a large number of concentric rings

with little sharp edges that create different and independent focal points thanks to constructive

interferences [144]. The diffractive lens used in this study has a dioptric power of +21.00D with an

addition of +3.00D. In contrast, the non-concentric refractive MIOL has an asymmetric distribution

of different refractive zones that correspond to different distance vision. Each zone has a different

value of curvature radio. The refractive MIOL has a power of +20.00D with an addition of +2.75D.

In contrast with the diffractive MIOLs which the whole optical zone contributes to all focal points,

in the refractive MIOLs each refractive zone refracts the light to the associated focal point [84].

Measurement protocol

First of all, the MIOL was introduced and well-centred in the wet cell of the model eye. Then, a

symmetric double-pass analysis was performed to find the far focus of the lens. This means, that

the first and the second pass change their focal position symmetrically at the same time. After

the far focus was found and consider it as 0.00D position, an asymmetric double-pass analysis

was done. The asymmetric analysis consists in performing a through-focus 5 dioptres changing

the focal position of the second pass, while the first past was remaining fixed in the focal position

found in the symmetrical analysis. EOL 2 change its power from +0.75D to −4.00D in steps

of 0.25D to do the through-focus. As a consequence, the system is creating an accommodative

stimulation from −0.75D to +4.00D in steps of 0.25D. Six images per each step were gotten. This

procedure was repeated three times. The intensity of the laser was adjusted for far focus results

and remained constant along the whole through-focus.

Data analysis

The double-pass images gotten per each step of the through-focus were averaged and from these

images the MTF of each step were obtained. Normally, the MTF is normalized to 1 at frequency 0,

but in our analysis the normalization is done by an exponential adjustment. This needs to be done

due to the peak that appears at frequency 0 in the modulus of the Fourier transform of retinal

images [96].

The Full Width at Half Maximum (FWHM) values of each double-pass image and the MTF

cut-off and the Strehl ratio values were calculated by the analysis software (Section 5.2.2).
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5.3.4.2 Results

Four of the most representative double-pass images of the through-focus of each lens are shown in

figures 5.3.4 and 5.3.5. The differences between the images that correspond to one of the focus and

the out of focus images are very noticeable. It is also possible to distinguish differences between

the refractive and the diffractive MIOL.

Figure 5.3.4: Double-pass images of a non-concentric refractive MIOL (Power = +20.00D / Addition

= +2.75D). The power indicated in the images is the value of the accommodative stimuli per each

one.

Figure 5.3.5: Double-pass images of the concentric diffractive MIOL (AcrySof R©IQ

ReSTOR R©SN6AD1) (Power = +21.00D / Addition = +3.00D). The power indicated in the im-

ages is the value of the accommodative stimuli per each one.

Taking into account the described analysis of the data (section 5.3.4.1), the results of the FWHM,

MTF cut-off and Strehl ratio are also shown in figure 5.3.6.

The curves of the MTF cut-off and the Strehl ratio indicate that the optical quality of the far

focus is significantly better than the near focus in the case of the diffractive MIOL. The values of

the MTF cut-off and the Strehl ratio are 34.05 ± 0.18cycles/degree and 0.53 ± 0.01 for the far focus

and 25.015 ± 0.27cycles/degree and 0.19 ± 0.00 for the near focus. In contrast with the diffractive

MIOL, the curves of the MTF cut-off and the Strehl ratio of the refractive MIOL show that the

near focus and the far focus have similar results. In this case, the values of the MTF cut-off are

20.06 ± 0.14cycles/degree and 21.91 ± 0.18cycles/degree for far and near focus, and the values of the

Strehl ratio are 0.23 ± 0.00 and 0.26 ± 0.01 respectively.
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(a)

(b)

Figure 5.3.6: (a) MTF cut-off values of the diffractive and the refractive MIOL along the through-

focus; (b) Strehl ratio values of the diffractive and the refractive MIOL along the through-focus.

5.3.4.3 Conclusions

A through-focus has been able to perform with a refractive MIOL and with a diffractive MIOL

implanted in a customized wet model eye. In both cases, the imaging and the numerical results

determine the far and the near focus.

Results show that the optical quality of the far focus of the diffractive MIOL used in this study

is quite better than the far focus of the refractive MIOL. However, the optical quality of the near

focus of the refractive MIOL is similar to the near focus of the diffractive MIOL. Moreover, it is

also perceptible that the optical quality of the far and the near focus of the refractive MIOL are

similar, yet in the diffractive MIOL are different.

Taking into account all these facts, the main conclusion is that the DPAF was able to perform

a through-focus measurement along the power range of two different MIOLs.
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5.3. SYSTEM’S VALIDATION

This validation was published in "Óptica Pura y Aplicada" last April with the following tittle:

New compact open-field double-pass system with asymmetric focus [145].
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6. Objective evaluation of the optical

quality of patients implanted with

multifocal intraocular lenses by

means of DPAF: Preliminary study

This chapter includes a preliminary study to assess the suitability of the new DPAF to determine the

optical quality of eyes implanted with a Multifocal Intraocular Lens (MIOL) in in-vivo conditions.

6.1 Assessment of the optical quality of patients implanted with

a multifocal intraocular lens

6.1.1 Patients

This time were included seven eyes of seven different patients (4 women and 3 men). The mean

age ± SD was 62.29 ± 6.34years with a range from 55 to 72years. All the patients were bilaterally

implanted with MIOLs six months before the participation in this study, the earliest, and one

year before, the latest. Thanks to these conditions, any adaptation or transparency problems were

avoided.

Only the left eye of each patient was measured. The exclusion criteria for this study was the

fact that the patient need any spectacle support to have a focus vision in any distance. The study

followed the tenets of the Declaration of Helsinki and all the patients signed the informed consent

after they were explained the nature, procedure and aims of the study.

6.1.2 Multifocal Intraocular Lens

The seven included patients were bilaterally implanted with the new MIOL Precizon Presbyopic

(OPHTEC B.V., Groningen, Netherland). This lens is thoroughly described in section 2.1.2.1 of the

second chapter of this thesis.

6.1.3 Measurement protocol

The measurement protocol used in this study was the following. First of all, through-focus of the

VA of the left eye from −4 to +1.5D in steps of 0.50D was done by negative lenses and a logMAR

chart. Then, the measured eye was centered in the DPAF to assess the optical quality of it. At the

beginning, a symmetric Double-Pass (DP) analysis along 2D in steps of 0.25D was done to correct

the spheric refractive error. The spheric refractive error corresponded to the best double-pass
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6.1. ASSESSMENT OF THE OPTICAL QUALITY OF PATIENTS IMPLANTED WITH A
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image found with the symmetric DP analysis. Once the best double-pass image was found, the

initial position to perform the through-focus was defined and the configuration of the first pass of

the system was fixed. Secondly, a whole through-focus from −4D to +1.5D in steps of 0.50D was

performed by the second pass. Three repetitions were registered. Each captured image was the

average of 6 captions in each step of the through-focus. Finally, the analysis of each image was

done to assess the optical quality of each measured eye with the implanted MIOL.

All the measurements were performed with the natural pupil of the patient in a very low

illumination conditions (the only light of the room was the monitor of the PC in the lowest

possible brightness mode). This fact assure that the natural pupil of the patients were ≥ 4mm

achieving that the pupil of the system was the one that limited the measurements. Non cyclopegic

drugs were used.

The measurements were done by the same optometrist in only one session per each patient.

6.1.4 Results

The most representative results of this study are included in this subsection.

Figure 6.1.1 shows the DP images of a complete through-focus from −4D to +1.5D in steps of

0.50D registered by the DP camera of the DPAF system. When this through-focus is just visually

observed, it looks like the DP images from −1.00D to +1.00D remain with a similar optical quality.

(a) -4.00D (b) -3.50D (c) -3.00D (d) -2.50D

(e) -2.00D (f) -1.50D (g) -1.00D (h) -0.50D

(i) 0.00D (j) +0.50D (k) +1.00D (l) +1.50D

Figure 6.1.1: DP images of a through-focus from −4D to +1.5D in steps of 0.50D.

Once all the DP images were obtained, an optical quality analysis was done per each step of the

through-focus by means of the analysis software described in section 5.2.2 of the previous chapter.
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On one hand, the mean Modulation Transfer Function (MTF) of each step of the trough-focus was

obtained. Figure 6.1.2 shows the MTFs from −4D to +1.5D in steps of 0.50D.The theoretical MTF

of a perfect optical system only limited by the diffraction that a pupil of 4mm would produced,

is also represented in this graph in black (indicated as DIF in the legend).Such as the DP images

suggested, the best MTFs were the ones between −2D and +1D. Although, the MTF of 0D and the

one of −0.5D are lightly better than the others.

Figure 6.1.2: MTFs of each step of the mean through-focus from −4D to +1.5D in steps of 0.50D.

The black curve is the MTF only limited by diffraction (DIF).

On the other one, Strehl Ratio (SR) and Cut-Off frequency were the chosen parameters to be

compared with Visual Acuity (VA) results. Two graphs per each parameter have been included

below. Figures 6.1.3, 6.1.4 and 6.1.5 show the SR, the Cut-Off frequency and the VA values along

the through-focus from −4D to +1.5D in steps of 0.50D for each patient in the graphs positioned

on the left. The graphs located on the right represent the mean values with the Standard Deviation

(SD) bars along the whole through-focus of each parameter.

When the results of each patient were compared with the others for any of the three included

parameters, it was noticed that even with different values, the behavior of the curves were quite

similar for all of the participants. However, there were some exceptions as were patient 4 (P4) and

7 (P7) in SR results (Figure 6.1.3 a), and P4 again in Cut-Off frequency results (Figure 6.1.4 a). The

mean curves were after analyzed.

As it can be observed,the mean SR curve (Figure 6.1.3 b) presented a clear peak on 0.00D and

then the curve fell abruptly until −1.00D. After that point the values kept decreasing, but in a
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(a) SR values along the through-focus of each participant. (b) Mean SR values along the through-focus with SD bars

included.

Figure 6.1.3: SR values for each patient on the left and mean SR values including SD on the right.

(a) Cut-Off frequency values along the through-focus of

each participant.

(b) Mean Cut-Off frequency values along the through-

focus with SD bars included.

Figure 6.1.4: Cut-Off frequency values for each patient on the left and mean Cut-Off values

including SD on the right.

more slow way until −2.50D. Finally, the values decreased significantly from −2.50D to −4.00D.

From +1.50D to 0.00D was found a great slope.

In the event of the Cut-Off frequency curve (Figure 6.1.4 b), presented a very similar behavior

from +1.50D to −1.00D compare with mean SR curve. On the contrary, there was a very light

increased of the Cut-Off values from −1.00D to −2.50D. The last part of the curve, from −2.50D to

−4.00D, the curve dropped with values similar to the one obtained in +1.50D.

At the end, the subjective parameter VA was studied (Figure 6.1.5 b). A lot of similarities with

the mean Cut-Off curve were found. Both curves were practically the same, but in an inverse

position. This was in account of the fact that the lower value of logMAR VA, the better VA of the

observer.

Figure 6.1.6 shows the normalized values of the three mean curves. In the case of VA, its inverse

was previous calculated. This way was possible to see that, actually, from +1.50D to −1.50D the
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(a) LogMAR VA values along the through-focus of each

participant.

(b) Mean logMAR VA values along the through-focus

with SD bars included.

Figure 6.1.5: LogMAR VA values for each patient on the left and mean logMAR VA values

including SD on the right.

Figure 6.1.6: Normalized mean values for SR, Cut-Off and 1/VA are included. SR values are in

pink, Cut-Off in green and 1/VA in blue.

curves were quite the same for the three parameters. From −1.50D to −2.50D, the inverse of

VA and Cut-Off had a little increased, while SR started to decreased. At the end, Cut-Off and
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SR showed a similar significant decreased from −2.50D to −4.00D, whereas the inverse of VA

dropped.

6.1.5 Conclusions

This preliminary study with a little number of participants was designed and developed to be

able to validate the suitability of the DPAF system in vivo conditions.

After analyzed all the objective and the subjective information, it could be concluded that

results were very similar in terms of the visual behavior along the through-focus. When the

values were taken into account, VA obtained the best result, as expected. This circumstance is,

probably, the result of being a subjective parameter, that is to say, the value of this parameter is

influenced by the visual neuronal process. Nevertheless, it was demonstrated that the objective

through-focus obtained with the new DPAF system is comparable to the VA one which is consider

the gold standard. As a consequence, it was able to be confirm that the main conclusion for this

preliminary study was that the new DPAF system is suitable to use it in vivo conditions.

Actually, the objective through-focus obtained with the DPAF system can be proposed as an

advantageous alternative to the subjective one, since the first one is significantly faster than the

second. Meanwhile an optometrist spend around 30minutes to perform a VA through-focus of 4D,

only 1minuteand12seconds were spent to do the objective through-focus with the DPAF system.

Moreover, this measure time can be reduced optimizing the measurement software.

In terms of the included MIOL, it looks like the optical behavior of the new MIOL Precizon

Presbyopic (OPHTEC B.V., Groningen, Netherland) consists on having a focused range around

2 − 2.50D, being at the same time almost the same as the addition value of it, which, according

to the manufacturer, is 2.75D. It is true that this lens still have a differentiate optical quality peak

for far distance, but it is also proved that from intermediate to near vision the optical and the

visual quality remain quite constant. This kind of MIOLs, the ones of having a range around

2.00D or more, where the optical quality remains constant is the latest tendency in this field. The

measurements performed in this study confirm that the new MIOL Precizon Presbyopic has a

focused range from intermediate to near distance vision with a comfortable visual and optical

quality. Although, the distance vision results are still better.
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7. Conclusions and future work
The main goal of this thesis was the design and the assembly of a new open-field double-pass

system with asymmetric focus to characterize optical quality in vivo in patients implanted or

adapted with multifocal intraocular or contact lenses. This has been achieved. The system was

also tested to prove its suitability to measure the optical quality of any eye implanted with a MIOL

both in vitro and in vivo conditions.

The main conclusions of the different stages performed during this project are shown below:

1. Objective over-refraction wearing MCLs.

A study performing an objective over-refraction with patients wearing MCLs were done. No

significance statistical differences were found between over-refraction using an open-field

infra-red autorefractor and a subjective over-refraction. Thus, it was concluded that the

used over-refractor was suitable to perform an over-refraction in patients wearing MCLs.

This study revealed that the complex optical designs of the MCLs allowed the option of

performing objective measurements to characterize them. DUe to the similarities of the

designs of the MCLs and the MIOLs, this study was considered as the first step to carry out

this thesis.

2. Verification of the suitability of one commercial simulator.

Three different studies were carried out to prove the suitability of the commercial vision

simulator VirtIOL (10Lens, S.L.) to assess the visual quality of an eye implanted with a

MIOL before the implantation of it. The main conclusions of them were:

(a) VirtIOL was suitable to simulate a virtual implantation of any MIOL that is found in

the market.

(b) It is required that the patient has a clear lens of the eye at the simulation time.

(c) VirtIOL allowed to qualified any visual quality attribute that can be tested.

3. Design and assembly of the double-pass system with asymmetric focus.

A compact double-pass system with asymmetric focus, suitable to work in clinical environ-

ment was designed using ZEMAX (ZEMAX LLC). A compact prototype for use in clinics

was developed designing mechanical assembly using the software CREO 3.0 (Pro/Engineer,

PTC). The electro-optical lenses that contains the system were validated. The power of the

laser, which goes into the eye, was limited below the security levels. The optical validation of

the system was also performed resulting as it can be considered as a system only limited by

diffraction. Finally, the methodology to obtain the curve of the through-focus was validated

by measuring one diffractive and another refractive MIOL implanted in a model eye.

4. Programming of the softwares.

Two different softwares were developed by means of using Matlab (Mathworks, 2016).The

first one, to control all the hardware of the system (laser, IR LEDs, vibration motor, EOLs,
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and both cameras), and the second one, to analyze the data that is needed to evaluate the

optical quality of the measured human or model eye adapted with a MCL or implanted with

a MIOL.

5. Validation of the new prototype.

A study with patients implanted with multifocal intraocular lenses was carried out to val-

idate the developed prototype. After all the work perform to develop this thesis, it was

demonstrated that the new compact and open-field double-pass system with an asymmetric

focus was suitable to characterized the optical quality of an eye implanted with a MIOL both

in vitro and in vivo conditions.

Taking into account the final point of this thesis, we think that the future work should be the

fact to prepare the system for being used in a clinical environment and perform a clinical study

including patients implanted with different types of MIOLs. Some of the changes that should be

are: close the system, put the system on a mobile base, and optimize the management software,

among others.
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A. Appendix 1: Design of the

Double-Pass System with

Asymmetric Focus (DPAF)

This appendix shows just a little summary of the design of the DPAF by using the optical design

software ZEMAX.

In order to make easier the task of the design, it was decided to divide the system in two.

Consequently, a system called first pass and another one named second pass were created and

analyzed as independent ones. The goal with that division was to be able to obtain results as

similar as possible with both and then, simulate the complete system combining them.

A.1 First Pass

As commented in chapter 5 of this manuscript and as it could be observed in figure A.1.1, the first

pass was composed by: a laser (λ = 780nm) (1), a collimator lens (2), one electro-optical lens (EOL

1) (3), mirror 1 (4), a beam splitter 50%/50% (5), a vehicle lens ( f ′ = 60mm) (6), a hot mirror (7), a

dichroic filter (8) and an artificial eye (9).

Figure A.1.1: Caption of the shaded model lay-out of the non-sequential mode: (1) laser, (2)

collimator, (3) EOL 1, (4) M1, (5) BS, (6) VL, (7) HM, (8) DC and (9) Eye.
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Three different files were created to analyzed all the aspects of an optical system. First of

all, a sequential mode file was performed to be able to obtain the spot diagram, the MTF or the

PSF, among others. Secondly, a non-sequential mode file was developed to take into account the

laser cone and the light dispersion. Finally, mixed-mode file was obtained to combine all the

information.

Figure A.1.2 shows the MTF and the simulated retinal image of the first pass.

(a) MTF curve

(b) System’s image

Figure A.1.2: Representation of the MTF of the simulated system and the one only limited by

diffraction on the left (a). Simulation of the retinal image on the right (b)
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A.2. SECOND PASS

A.2 Second Pass

The second pass starts at the end of the first one. Thus, the light source of the second pass was

placed at the focal image plane of the whole first pass system. Then there’s a common part

composed by the artifical eye (1), the dichroic filter (2), the hot mirror (3), the vehicle lens (4) and

the beam splitter (5). The beam splitter is only acting as a mirror in the simulation of the second

pass. From that point, it were included the EOL 2 (6), the mirror 2 (7), the afocal system (8), the

mirror 3 (9) and the lens of the DP camera (10). The afocal system consisted on two achromatic

lenses with a focal length of 100mm.

Figure A.2.1 presents the lay-out of the simulated second pass, while figure A.2.2 shows the

MTF and the PSF of it. In this case were also created the sequential mode, the non-sequential

mode and the mixed mode files.

Figure A.2.1: Caption of the shaded model lay-out of the non-sequential mode: (1) eye, (2) DC, (3)

HM (4) VL, (5) BS, (6) EOL 2, (7) M2, (8) Afocal System, (9) M3 and (10) Lens od the DP camera.

If MTF of the first pass is compared with the one of the second pass, it is easy to see that both

fit perfectly with the one only limited by diffraction. Although, they don’t have the same cut-off.

This difference is justified by the fact that the second pass includes also the afocal system and the

lens of the DP camera.
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(a) MTF curve

(b) PSF 3D

Figure A.2.2: Representation of the MTF of the simulated system and the one only limited by

diffraction on the left (a). PSF curve in 3 dimensions on the right (b)

A.3 Complete system

After it was achieved the best first and second pass systems, a combination of both was developed

to simulate the whole optical system that today is the DPAF included in this thesis (Figure A.3.1).

Two different light sources with the same λ and cone angle were included to differentiate first

pass (green rays) from the second pass (blue rays).
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A.3. COMPLETE SYSTEM

Figure A.3.1: Caption of the shaded model lay-out of the non-sequential mode of the whole

system: (1) laser, (2) collimator, (3) EOL 1, (4) M1, (5) BS, (6) VL, (7) HM, (8) DC, (9) Eye, (10) EOL

2, (11) M2, (12) Afocal System, (13) M3 and (14) Lens od the DP camera.

It is also necessary to take into account that more than ten versions were created to finally

arrive to the definitive ones, since the simulation task was done while the mechanical design and

the validation of the EOLs or the DP camera or the laser were performed.
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A. Appendix 2: Data sheets

Data sheets are presented in the following order:

1. Monocrom Laser (λ = 780nm)

2. Optotune Tunable lenses EL − 10 − 30

3. THORLABS Power Meter

4. Hamamatsu ORCA-flash 4.0 v2 (Double-pass Camera)
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Fast Electrically Tunable Lens EL-10-30 

 

 

 

The curvature of the lens can be rapidly changed by applying a control voltage. The focal length is accordingly 

tuned to a desired value within milliseconds. Optotune currently offers three lens versions: 

 EL-10-30-VIS-HR: High refractive index (nD=1.559), visible anti-reflection coating (400-700nm) 

 EL-10-30-VIS-LD: High Abbe number (V=100), visible anti-reflection coating (400-700nm) 

 EL-10-30-NIR-LD: High Abbe number (V=100), near infrared anti-reflection coating (700-1100nm) 

The following table outlines the specifications of our standard electrically tunable lens EL-10-30. Lens aperture, 

thickness and tuning range can be adapted on demand. 

Mechanical specifications 
External diameter  30 mm  

Clear aperture1  10 mm  

Thickness  9.8 mm  

Weight  22.6 g  

Lifecycles  >10‘000‘000   
 

Electrical specifications 

Control voltage   0 to 5 V  

Response time (10%-90% step)  10 ms  

Power consumption  0 – 2 W  
 

Optical specifications  EL-10-30-VIS-HR 
EL-10-30-VIS-LD, 
EL-10-30-NIR-LD 

Focal tuning range @ 525nm2  +20 to +60 mm +45 to +120 mm 

Dispersion     

   486nm  1.572  1.302 

   589nm  1.559  1.300 

   656nm  1.554  1.299 

   800nm  1.546  1.298 

   1065nm  1.541  1.297 

   1300nm  1.537  1.296 

   1550nm  1.535  1.296 

   Abbe number V  31  100 

Lens type  plano-convex  

Transmission spectrum  see Figure 5   

Optical damage threshold @ 1064nm  25 kW/cm2  

Centration  <2 arcminutes 

Polarization  Preserving 
 

Thermal specifications 
Storage temperature  [-40,+85] °C  

Operating temperature  [-20,+65] °C  
 

Test conditions 80 % of clear aperture, 20°C 

                                                           
1 Recommended useful aperture is 80% of clear aperture 
2 Different focal tuning ranges available upon request 
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Figure 1 shows the dimensions of the EL-10-30 lens. As indicated, the focal length is measured from the housing. 

 

Figure 1: Mechanical drawing (unit: mm) 

Figure 2 contains the information needed to model Optotune’s electrical lens for simulations. A more detailed 

design guide and a ZEMAX plug-in can be downloaded from www.optotune.com.  

 

Figure 2: Optical layout with corresponding terminology (lens in the same orientation as in Figure 1).  

 

 

a: Radius of lens = 5.6 mm 

b:  Radius of cover glasses (clear aperture) = 5.0 mm 

w0: Central deflection of lens (in function of applied current) 

h: Constant zone of lens material = 1.5 ± 0.15 mm 

d1: Thickness of cover glass = 0.5 mm 

d2: Distance from cover glass to outer housing = 1.2mm  

t: Cover glass distance = 4.9 mm 

Fixation point: Lens edges always stay in the same axial position 
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Working principle 

The EL-10-30 is a shape-changing lens. It basically consists of a container, which is filled with an optical fluid and 

sealed off with an elastic membrane. The deflection of the lens is proportional to the pressure in the fluid. The 

EL-10-30 has an electromagnetic actuator that is used to exert pressure on the container. Hence, the focal dis-

tance of the lens is proportional to the current flowing through the coil of the actuator. 

 

  

Figure 3: Working principle of the EL-10-30 

Focal length versus current 

Due to manufacturing tolerances, the relation of focal length to current varies from lens to lens. However, the 

specified range (e.g. 45 – 120mm for the EL-10-30-VIS-LD) is always contained. In open loop systems, a calibra-

tion of the lens with look-up tables is recommended.  

 

Figure 4: Typical relation of focal distance to current of the EL-10-30. 
The error bars show the standard deviation from lens to lens  
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Transmission range 

Both the optical fluid and the membrane material are highly transparent and hardly absorbing in the range of 

250 – 2500nm. As the membrane needs to be elastic it cannot be coated using standard processes. Cover 

glasses can be coated as desired. The figures below show the transmission spectrum for our two standard 

broad-band coatings (visible and near infrared) as well as two custom narrow-band coatings: 

 

Figure 5: Transmission spectrum of the EL-10-30 for standard broad-band coatings 

 

Figure 6: Transmission spectrum of the EL-10-30 for custom narrow-band coatings 
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The following graph represents the transmission of the lens material only
3
 (i.e. assuming perfect cover glasses). 

 
Figure 7: Transmission of the EL-10-30 assuming 100% transparent cover glasses 

Wavelength 

[nm] 

EL-10-30- 

VIS-LD 

EL-10-30- 

VIS-HR 

EL-10-30- 

NIR-LD 

EL-10-30-

355-LD 

EL-10-30- 

1064-LD 

Lens with  

LD Material
3
 

Lens with 

HR Material
3
 

355 40.4 48.3 40.3 95.5 49.8 95.4 88.5 

375 61.7 67.4 38.2 96.6 50.7 95.7 88.9 

405 88.3 83.5 29.1 95.0 66.8 95.7 89.3 

440 94.8 88.4 23.5 91.6 88.6 95.8 89.5 

488 95.1 91.2 26.9 87.0 80.2 95.8 91.9 

514 95.6 92.3 32.9 85.6 67.8 96.5 93.1 

532 95.9 92.8 38.7 84.9 60.7 97.0 93.9 

632 95.9 93.4 81.8 80.9 47.3 96.8 94.6 

650 95.7 93.4 87.2 80.3 48.2 96.5 94.2 

680 95.6 93.4 92.6 79.5 50.9 96.1 93.7 

730 94.5 91.7 95.2 78.8 58.3 95.6 94.0 

808 90.5 86.6 94.1 78.4 72.7 95.1 93.5 

830 89.0 85.4 94.1 78.8 77.1 95.4 93.0 

850 87.7 84.0 94.3 78.8 80.4 95.3 92.9 

880 85.5 80.7 94.4 78.7 84.8 95.1 91.4 

905 83.6 79.5 94.6 78.8 87.9 94.9 91.6 

915 82.9 79.0 94.7 78.8 89.0 94.9 91.7 

975 78.5 75.5 94.9 79.3 93.7 94.8 91.9 

980 78.3 75.2 94.9 79.3 94.0 94.8 91.7 

1030 74.9 72.8 94.4 79.6 95.4 94.7 91.4 

1064 72.9 70.7 93.8 79.9 95.5 94.8 91.7 

1070 72.7 70.3 93.7 80.0 95.4 94.8 91.9 

1310 64.0 63.2 85.7 81.9 88.0 95.1 93.1 

1540 #N/A #N/A 78.9 83.5 81.5 95.6 90.4 

1550 #N/A #N/A 78.7 83.6 81.4 95.6 92.1 

Table 1: Transmission values of the EL-10-30 for common lasers 

                                                           
3 The transmission of the „lens material only“ was put together from measurements of several lenses with differently coated cover glasses, wheras the three 
interfaces of „air to coverglass“ were removed. 
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Damage thresholds 

The nominal specification of the lens materials used is 25kW/cm2. However, this number was extrapolated from 

a small spot size. Good results have been achieved with the following lasers: 

 1070nm, 200W CW on a 3mm beam diameter (equivalent to 2.2kW/cm2)  

 1064nm, 20ns-pulsed at 50kHz, 10W average power on a 0.05mm beam diameter (10J/cm2) 

 355nm,  20ns-pulsed at 50kHz, 7W average power on a 0.05mm beam diameter (7J/cm2) 

 850nm, 140fs-pulsed at 80MHz, 3W average power on a 6mm beam diameter (0.13uJ/cm2) 

 345nm, 500fs-pulsed at 200kHz, 0.5W average power on a 3mm beam diameter (35uJ/cm2) 

A known issue is failure of the cover glass material. For this reason Optotune is working on a version of the EL-

10-30 with specialty coated glass at 1064nm, which can be expected in Q2 2011. 

Another known issue is heating up of the lens as a result of reflections hitting absorbing surfaces. It is advised to 

calculate such reflections and preferably not use more than a 6mm beam size. 

Wavefront quality 

Optotune’s focus tunable lenses exhibit a spherical lens shape (the nominal parameters can be found in the 

ZEMAX package, which is available for download on www.optotune.com).  

As the materials used are elastic, the lens shape is influenced by gravity. With the lens lying horizontally (optical 

axis vertical) the RMS wavefront error of the EL-10-30 is currently in the order of 0.1 lambda. With the lens 

standing upright (optical axis horizontal) a coma Y term of about 0.3 lambda must be added.  

 

Figure 8: Wavefront measurement of an EL-10-30-VIS-LD (at 80% of clear aperture, defocus & tilt excluded) 

This “sagging” effect depends on the size of the lens and several material parameters. While it hardly exists with 

lenses of apertures below 5mm, it can account for several lambda RMS error with lenses of e.g. 20mm aperture.  

In general, a “stiffer” membrane can be used to significantly reduce this undesired effect, as the pressure inside 

the lens can be increased. However, that is at the expense of focal tuning range or power consumption. Opto-

tune is working on improved materials and lens designs to reduce the dependence on gravity. 
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Temperature effects 

Heating up of the lens has two consequences: First, the refractive index of the optical fluid decreases. Second, 

the fluid expands in volume. While the first effect would increase the focal distance, the second effect reduces 

it. With the EL-10-30 design, the second effect prevails. The focal distance decreases by approximately 2% per 

10°C temperature increase.  

This temperature effect is systematic and reproducible. This means the focal length can be controlled if the 

temperature is known. The EL-10-30 actually has a built-in temperature sensor. The resistance of the coil (which 

pushes down on the lens) changes linearly with temperature. So measuring voltage and current can serve as a 

proxy for the temperature in the lens.  

The heating up of the lens can occur at room temperature if driven at high currents or due to absorption of high 

power laser light. In such cases the lens is preferably mounted using heat-conducting metal clamps. For custom 

designs it is possible to balance the two temperature effects such that the focus shift becomes minimal at a 

certain focal length. Alternatively, if response time is not critical, mechanical designs like the ML-25-50 are 

available which do not heat up due to the controlling current. 

Current control vs. voltage control 

In principle, the EL-10-30 can be driven using a DC 

voltage (e.g. even a simple battery). However, as the 

lens incorporates a electromagnetic actuator, the 

force applied to the lens (and with that the focal dis-

tance) depends on the current flowing through the 

coil. As with all electronics, the resistance of the coil 

changes with temperature (12.5Ohm at 25°C). So if a 

voltage controller is used, the focal distance may not 

be reproducible or drift away. This is especially the 

case at currents >200mA where this effect can easily 

be in the range of 10%. Note that this temperature 

effect is visible in the order of a few seconds and has 

nothing to do with the expanding of the optical fluid 

described above, which is in the order of a few mi-

nutes. 

 

Recommended drivers/power supplies 

Here is a list of off-the-shelf products for current control: 

 Precision constant current driver for laser diodes (e.g. Edmund Optics NT56-804, Thorlabs LD1255R) 

 For high precision applications (0.1mA resolution) with manual control: TTi QL355 

 For high precision applications (0.1mA resolution) with USB/RS232 computer control: TTi QL355P 

 For low precision applications (1mA resolution) with manual control: TTi EL301R 

 For low precision applications (1mA resolution) with USB computer control: Quakko HY3005DP 

http://shop.vendio.com/Evan2002/item/2041700966/?s=1282809362 

The lens can also be driven using pulse width modulation (PWM) with a frequency between 20 kHz and 50 kHz. 
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Response time  

The 10-90% rise time on a full range step is about 

10ms. The response time can be significantly improved 

by optimizing the current step function. An example is 

shown in the graph on the right, where a settling time 

of 15ms was achieved. To optimize the response time 

on the way back (e.g. when the current is turned off), 

a short pulse of negative current can be used. 

While the actuator can actually move at several kHz, it 

remains to be analyzed what happens optically due to 

potential overshooting or wobbling effects. It also 

remains to be evaluated how the response time varies 

at different focal lengths. At this point, we expect the 

lens to be faster at short focal lengths due to the high-

er pressure of the fluid. 

Optotune is working on a different lens design targeted 

to achieve a 1ms response time. 

Reproducibility 

Unlike piezo systems, the EL-10-30 exhibits no hysteresis. The current through the coil induces a force, which is 

directly transferred onto the 100% elastic membrane. There is no friction in the system. This means that jump-

ing between alternate current levels will always yield the same focal length. This could be confirmed after run-

ning 10 million full range cycles.  

So basically the reproducibility is limited by the precision of the electronics. For high precision applications a 

controller with 12 bits is recommended. Assuming a linear relation between current and focal distance, this 

would mean that the focal distance of e.g. an EL-10-30-VIS-LD would be accurate to (120mm - 45mm) / 4096 = 

18um. What needs to be taken into account, though, is a potential heating up of the lens when it is operated at 

high currents over a long period of time. 

Atmospheric pressure 

By working principle, the atmospheric pressure has no influence on the lens. This has been validated by observ-

ing a constant focal length of the EL-10-30 in a vacuum chamber with pressure decreasing from 1 bar down to 

about 20mbar. 

Autofluorescence 

The EL-10-30 with LD material is not autofluorescent and can be used for fluorescence microscopy. 
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Life time 

As the EL-10-30 has been released in June 2010, there is no useful lifetime information available. However, the 

lens has passed relevant environmental and accelerated aging tests as outline in the table below. 

 

Test EL-10-30 

Mechanical cycling: 

40 million full-range cycles (0 to 300mA, at 10 Hz) 

Passed 

High temperature test: 

85±2°C; rel.hum. <6% for 168 hours, non-operational  

Passed 

Temperature cycling test:  

-40°C / +85°C for 30 min each, 3 min transition time, 100 cycles  

Passed 

Damp heat cycling test:  

25°C / 55°C at 90-100% relative humidity, 3 hour transition time, 24h per 

cycle (9h plus transition time each), 18 cycles  

Passed 

Shock test:  

800g for 1ms duration, 5 pulses in each direction (30 pulses in total)  

Passed 

Solar radiation test:  

1120 W per m2 (IEC 60068-2-5), 8 h irradiation & 16 h darkness, 10 cycles  

Passed 

Table 2: Environmental tests performed on the EL-10-30 

 

Customization 

Optotune’s lens technology can be adapted to your needs. The following table provides a range of possible pa-

rameters. 

 

Clear aperture (A) From 2mm to 50mm 

Range of focal length From –A to infinity to +A 

Response time As little as 1ms 

Lens shapes Spherical, from convex to flat to concave, whereby the 
other side of the lens may be a static free form 

Cylindrical shapes are possible as well 

Cover glasses BK7, fused silica, sapphire, plastics (PC, PMMA, COC) 

Coatings For cover glasses only 

Table 3: Lens parameters that can be customized 

Of course not all criteria can be met at once. For example, larger apertures based on the same EL-10-30 prin-

ciple are slower and more power consuming. As an alternative, a mechanical design could be used similar to 

Optotune’s ML-20-35 or ML-25-50, which requires no holding power and can easily be motorized. 
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Ordering information for custom versions of the EL-10-30 

For custom versions, please follow the instructions below. 

EL-C-10-30-AR-MAT- (Fmin/Fmax) 
C =  custom design 

AR = VIS : visible broad-band anti-reflection coating (400-700nm) 

NIR : near broad-band infrared anti-reflection coating (700-1100nm) 

355: narrow-band anti-reflection at 355nm 

1064: narrow- band anti-reflection at 1064nm 

NOC: No coating 

MAT = HR : high refraction lens material (nD = 1.559) 

LD: low dispersion lens material (nD = 1.300) 

fmin= minimum focal length 

fmax = maximum focal length 

Example: EL-C-10-30-VIS-LD (+50/+150) refers to a custom electrical tunable lens of 10mm aperture packaged 

in a housing of 30mm diameter with anti-reflection coating for visible light, low dispersion lens 

material and a focal tunable range from +50 to +150mm. 

 

For more information on optical, mechanical and electrical parameters, please contact sales@optotune.com. 
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Item # PM100D

Compatible Sensors
Photodiode,
Thermal, and
Pyroelectric

Optical Power Rangea 100 pW to 200 W

Optical Energy Rangea 3 µJ to 15 J

Available Sensor Wavelength Rangea 185 nm ­ 25 μm

Display Refresh Rate 20 Hz

Bandwidtha DC ­ 100 kHz

Photodiode Sensor Rangeb 50 nA ­ 5 mA

Thermopile Sensor Rangeb 1 mV ­ 1 V

Pyroelectric Sensor Rangeb 100 mV ­ 100 V

Sensor Dependent
Ranges Selectable in Watts (Photodiode and Thermopile) or
Joules (Pyroelectric) and is dependent on the sensor used.

Click to Enlarge
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USB 2.0 Interface
Long­Life Internal Li­Polymer Battery

The PM100D is the cornerstone of Thorlabs' optical power and energy meter consoles
and is the digital counterpart to the PM100A Analog Power Meter Console. The
console (and sensor, sold separately) is ideal for use as a CW and pulsed source
power meter, incoherent optical source power meter, general light power meter, fiber
power meter, and more. For a touchscreen version of the PM100D with more
advanced spectral correction features, inputs for temperature and humidity sensors,
data logging, and additional memory, we also offer the PM400 Capacitive Touchscreen
Power and Energy Meter Console.

The PM100D is compatible with more than 25 photodiode, slim photodiode, integrating
sphere, fiber, thermal, and pyroelectric sensors designed for use from the UV to the Mid­IR. See the Sensor Selection tab for further information. Thorlabs offers
a variety of Power Meter Kits which include some of our most popular sensors bundled with the power meter console.

The PM100D is also available as a kit, bundled with our most popular sensors. Please visit our PM100D Kits page for more info. If you have any questions
regarding these kits, or would like to suggest other kit options, please contact our tech support department for more details.

Console Design
The compact housing has a large, 4” backlit display with a resolution of 320 x 240 pixels and illuminated buttons, all of which make operation in dark labs easy.
The LCD’s clear GUI offers easy data readouts with an intuitive navigation scheme. Interactive tooltips help to operate the device by giving the user step­by­step
operating instructions, displaying the next step on the screen.

The PM100D features four standard measurement screens. The first option is a numeric readout useful for standard power and
energy readings. The second option is a tuning needle typically seen on analog devices, however, optimized to run as a digital
readout on the display screen. Third is a tuning graph, which is very convenient for fine tuning CW and pulsed sources.

The unit can also be run in a data acquisition mode. Simply start the scan and the unit automatically starts recording data such
as current power/energy, minimum, maximum, standard deviation, and other important statistics recorded over the acquisition
period. The PM100D also features several user customizable displays and audio tuning for use when the detector is not within
visual range. See the Display Screens tab for further information.

Connectivity
The sensor connector, shown to the right, enables "hot swappable" quick sensor exchange. The sensor connectors contain all the sensor information including
NIST­traceable responsivity curves, sensor types, and model number.

A slot for an SD memory card (a 2 GB SD card is included) allows data recording even in stand­alone operation, giving the user large memory storage when
recording data in the field or away from a computer in the lab. Data can also be recorded via the USB PC connection and the control software. The PM100D
software is capable of handling up to eight consoles simultaneously. PC control software and features are highlighted in the Software tab, which also includes
programming reference guides for LabVIEW™, Visual C++, Visual C#, and Visual Basic.

In addition to remote control operation and data logging/recording, the USB connection can also act as the charging system for the Li­Polymer battery. Also
included is an AC battery charger which uses an intelligent charging management system to improve battery lifetime and reduce battery memory effects.

Sensor Upgrade Service
Thorlabs' current line of C­Series sensors and power meter consoles are not compatible with old power meter consoles and sensor heads, respectively. We offer
a sensor upgrade service if you want to use your existing sensors with a new power meter console. Note: upgraded sensors will be incompatible with old power
meter consoles and new sensors converted to work with older consoles will not be compatible with the PM100D. Please contact our tech support team for
details.
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Item # PM100D

Item # PM100D

Display

Display Type Graphical LCD 320 x 240 pixels, LED Backlight

Display Screens
Numerical, Bar Graph, Line Graph, Statistics, Simulated

Analog Needle

Viewing Area
81.4 mm x 61.0 mm

(3.20" x 2.40")

Refresh Rate 20 Hz

Audio 1x Speaker

Sensor Interface

Compatible Sensors
All Photodiodes, Thermopiles, and Pyros

See Below for Full Sensor Specs

Time Constant Correction <1 s

AD Converter 16 bit

Trigger (Pulse Measurements,
Pyroelectric Sensors)

Adjustable, 0.1 ­ 100%

Connector DB9F, Left Side

Sensor Temperature Control Thermistor

Temperature Range ­10 to 80 °C

Analog Outputs

Signal Amplified Input Signal (Not Corrected)

Voltage Range 0 to 2 V

Accuracy ±3%

Bandwidth Up to 100 kHz, Dependent on Sensor and Settings

Connector SMA, Left Side

Digital Outputs

Memory 2 GB Removable SD Card

Connector / Interface Mini USB / USB 2.0

Power

Battery Li­Polymer, 3.7 V, 1300 mAh

Charger / DC Input 5 V / 1 A

Dimensions and Mounting

Dimensions (L x W x H)
180 mm x 105 mm x 38 mm

(7.09" x 4.13" x 1.50")

Weight <0.5 kg (<1.1 lb)

Mounting Options Kickstand; 1/4"­20 Post Thread

Operating Temperature> 0 to 40 °C

Storage Temperature ­40 to 70 °C

Sensor Compatibility Specs
Item # PM100D

Detector
Compatibility

Photodiode Sensors: S1xxC Series
Photodiodes (Max 5 mA)

Thermal Sensors: S3xxC Series
Thermopiles (Max 1 V)

Pyroelectric Sensors: ESxxxC Series
Pyros (Max 100 V)

Measurement
Ranges

6 Decades; 50 nA ­ 5 mA
Ranges Selectable in W,

Sensor Dependent

4 Decades; 1 mV ­ 1 V
Ranges Selectable in W,

Sensor Dependent

4 Decades; 100 mV ­ 100 V
Ranges Selectable in J,
Sensor Dependent

Wavelength Ranges 200 nm ­ 1800 nm 190 nm ­ 25 μm 185 nm ­ 25 μm

Power / Energy
Ranges

100 pW ­ 20 W 100 μW ­ 200 W 10 μJ ­ 15 J

Units W, dBm, W/cm², A W, dBm, W/cm², V J, dBm, J/cm², V

Accuracy
±0.2% of Full Scale (5 µA ­ 5 mA)

±0.5% of Full Scale (50 nA)
±0.5% of Full Scale (10 mV ­ 1 V)

±1% of Full Scale (1 mV)
±0.5% of Full Scale (100 mV ­ 100 V)

Display Resolution 1 pA / Responsivity Value (A/W) 1 µV / Responsivity Value (V/W) 100 µV / Responsivity Value (V/W)

Bandwidth
DC ­ 100 kHz, Dependent on Sensor and

Settings
DC ­ 10 Hz, Dependent on Sensor and

Settings
DC ­ 30 Hz, Dependent on Sensor and

Settings

Wavelength
Correction

Sensor Dependent Sensor Dependent Sensor Dependent

For a full list of the sensor head specifications please visit the Photodiode Power Sensors, Thermal Power Sensors, or Pyroelectric Energy Sensors pages. For
other information, please contact tech support.
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Features

Header line with sensor information, date/time and battery state
Status line with warning annunciators Bar graph and configurable left and right sub display areas to display a minimum and a maximum value or a ratio
of both values (numerical screen only)
Tool tip text above the menu
Easily accessible menu soft buttons

GUI Overview

On the top bar, the sensor, date and
time, and battery life indicator are
shown.

The main window contains one of the six
standard display views described below.
Here, the numerical readout is shown
along with min and max values.

Below the main window is a bar graph
displaying relative and absolute changes
in power and energy.

The bottom bar on the PM100D contains
the eight menus controlled by the D­pad.

These menus at the bottom of the
display access all the standard and
customizable displays on the PM100D.
The text display above the sub menus
provides further assistance in navigating
these menus.

Power and energy range, wavelength,
measurement configuration, units, audio
tuning, measurement views, and the
system menu are all accessible from this
bottom menu.

The bottom menu also allows
customization of the display screen to
include frequency, power density, and
min and max values.

Numeric Screen (Power Mode) Statistics Screen (Power Mode)

This display combines a clear
numerical 4­digit read out of the
optical power, a bar­graph
function with zooming
capabilities, and configurable
sub displays.

The statistics display shows the
actual, minimum, maximum and
mean power values in linear and
logarithmic representation;
further the standard deviation,
the max/min ratio, the number of
samples and the elapsed time.

Trend Graph (Power Mode) Needle Tuning (Power Mode)

For laser tuning and beam
alignment to visualize changes
and trends together with an
additional 4­digit numerical
value of the absolute power.

A display imitating an analog
needle together with an
additional 4­digit numerical
value for laser tuning tasks. A
special feature is a resettable
max hold indicator and a
shiftable tuning sound.

Pulsed Numeric Screen (Energy Mode) Pulsed Statistics Screen (Energy Mode)

This display combines a clear
numerical 4­digit read out of the
optical energy, a bar­graph
function with zooming
capabilities, and configurable
sub displays.

The statistics display shows the
actual, minimum, maximum and
mean energy values in linear
and logarithmic representation;
further the standard deviation,
the max/min ratio, the number of
samples and the elapsed time.

Pulse Bar Graph (Energy Mode)

 

Like the Trend Graph (Power
Mode) this easily shows
changes and trends together
with an additional 4­digit
numerical value of the absolute
energy of incident beam pulses.

The user can customize the display screen by selecting various measurement tasks to be shown on the screen. Some screens are partly configurable by the
user, for example, the user can display the min and max values within a certain time period or enable visual and audible peak indicator as a tuning aid.
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PM100D Sensor Connectors
D­type Female

Pin Connection

1 +5 V (Drive max 50 mA from this pin)

2 EEPROM Digital I/O

3 Photodiode Ground (Anode), Thermal and Pyro Sensor Ground, Analog Ground

4 Photodiode Cathode

5 Pyro­Electric Sensor +

6 DGND

7 PRESENT (Connect this pin via a 1kΩ ­ 10kΩ resistor to Pin 3 (AGND))

8 Thermal Sensor +

9 N.C.

 

Analog Output
SMA Female

 

0 ... 2 V

Computer Connection
USB Type Mini­B

USB Type Mini­B to Type A Cable Included

P I N   D I A G R A M S



Click to Enlarge
S120C and CP90F Quick­

Release Mount

Standard Photodiode Power Sensors
For General Purpose Optical Power Measurements

Integrated Viewing Target for Easy Sensor Alignment

Ø9.5 mm Sensor Aperture

Sensor, Protective Cap, IR Target, and Thread Adapter Included

Fiber Adapters Available Separately (See Table Below)

See the Full Web Presentation for More Information

These Standard Photodiode Power Sensors are ideal for metering low power coherent and incoherent sources from the UV to the
NIR. Each NIST­Traceable, calibrated sensor features an integrated viewing target for easy alignment, enhanced shielding against
electromagnetic interference, an over­temperature­alert device, and a large Ø9.5 mm sensor aperture. The sensors are compatible
with 30 mm cage systems, Ø1/2" posts, and SM1 (1.035"­40) lens tubes, and are ideal for free­space and fiber­coupled sources.

Item #a S120VC S120C S121C S122C

Sensor Image
(Click the Image to Enlarge)

Aperture Size Ø9.5 mm

Wavelength Range 200 ­ 1100 nm 400 ­ 1100 nm 400 ­ 1100 nm 700 ­ 1800 nm

Power Range 50 nW ­ 50 mW 500 nW ­ 500 mW 50 nW ­ 40 mW

Detector Type Si Photodiode (UV Extended) Si Photodiode Ge Photodiode

Linearity ±0.5%

Resolutionb 1 nW 10 nW 2 nW

Measurement Uncertaintyc

±3% (440 ­ 980 nm)
±5% (280 ­ 439 nm)
±7% (200 ­ 279 nm,
981 ­ 1100 nm)

±3% (440 ­ 980 nm)
±5% (400 ­ 439 nm)
±7% (981 ­ 1100 nm)

±5%

Coating/Diffuser Reflective ND (OD1.5)d Reflective ND (OD1)e Reflective ND (OD2)f Absorptive ND (Schott NG9)

Head Temperature
Measurement

NTC Thermistor 4.7 kΩ

Housing Dimensions Ø30.5 mm x 12.7 mm

Cable Length 1.5 m

Post Mountingd,e,f Universal 8­32 / M4 Tap, Post Not Included

Aperture Thread External SM1 (1.035"­40)

Compatible Fiber Adapters S120­FC, S120­SMA, S120­ST, S120­LC, and S120­SC (Not Included)

Compatible Consoles PM400, PM200, PM100D, PM100A, PM100USB, and PM320E

For complete specifications, please see the Specs tab here.
Measured with PM100D console in low bandwidth setting.
Beam diameter > 1 mm.
For the S120VC, these specifications are valid for devices with serial numbers 1203xxx or higher. Older versions had a reflective ND diffuser (OD1).
Additionally, they came with an 8­32 tap and M4 adapter. For additional information, please contact technical support.
For the S120C, these specifications are valid for devices with serial numbers 1203xxx or higher. Older versions had an absorptive ND diffuser (Schott NG3).
Additionally, they came with an 8­32 tap and M4 adapter. For additional information, please contact technical support.
For the S121C, these specifications are valid for devices with serial numbers 1203xxx or higher. Older versions had a absorptive ND diffuser (Schott NG9).
Additionally, they came with an 8­32 tap and M4 adapter. For additional information, please contact technical support.

Part Number Description Price Availability

S120VC Standard Photodiode Power Sensor, Si, 200 ­ 1100 nm, 50 mW 378,00 € Today

S120C Standard Photodiode Power Sensor, Si, 400 ­ 1100 nm, 50 mW 273,00 € Today

S121C Standard Photodiode Power Sensor, Si, 400 ­ 1100 nm, 500 mW 296,00 € 2­3 Days

S122C Standard Photodiode Power Sensor, Ge, 700 ­ 1800 nm, 40 mW 545,00 € Today



DIGITAL CAMERA

Versatile by design
A game changer from inception and a proven performer since its initial release, the 

ORCA-Flash4.0 V2 offers unrivaled flexibility across a wide range of imaging applications. 

Easily change from USB to Camera Link connectivity. Switch from a blazing fast scan to a 

virtually noiseless slow scan by a simple click in software. Use our Lightsheet Readout 

Mode™ for seamless integration with light sheet microscopy systems. Robust triggering 

allows the ORCA-Flash4.0 V2 to drive other devices or be driven by them. And then there’s 

the highest QE of any sCMOS camera on the market.

R V2

Over 70 %

Exceptional quantum efficiency

at 600 nm

100 frames/s

High-speed readout

at 4.0 megapixelsCamera Link

1.9 electrons rms

Low noise

at 100 frames/sStandard scan

1.3 electrons median

1.5 electrons rms
at 30 frames/sSlow scan

0.9 electrons median



Cy3

Cy5

YFP

EGFP
mCherry

The ORCA-Flash4.0 V2 is changing the game of scientific imaging. For years, cooled CCDs have been the 

go-to technology for fluorescence applications such as GFP or multi-channel imaging that require high 

signal to noise, high contrast images. EM-CCDs have been scientists' choice for low-light, often high speed 

applications such as TIRF or spinning disk confocal. For lack of a better choice, the same technology has 

been adopted for localization microscopy. The ORCA-Flash4.0 V2 offers such a multitude of benefits that it 

not only easily accomplishes each of these applications -- it may do them better.
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ORCA-Flash4.0 V2

ORCA-Flash2.8

Gen I sCMOS
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Spectral response

High sensitivity means extreme versatility

Quantum efficiency: higher than 70 % at 600 nm and 50 % at 750 nm
The ORCA-Flash4.0 V2 is engineered to outperform all other cameras for fluorescence microscopy. With 

carefully designed pixels and on-chip lens technology, its Gen II sCMOS sensor provides high QE across 

the range of wavelengths most commonly used in fluorescence microscopy.

Low noise
The ORCA-Flash4.0 V2 has the lowest read noise at 100 frames/s of any CCD or sCMOS camera. Even EM-

CCDs trade off “relative” low read noise for multiplicative noise by using on-chip gain. But the ORCA-

Flash4.0 V2 requires no tradeoffs. Our “quiet” electronics successfully lower the limit of detection, allowing 

you to take full advantage of high frame rates and see your signal with fewer photons.

The unique combination of high quantum efficiency and low noise, in the absence of EM-CCD multiplicative 

noise, means that your images are not limited by the camera. Detect signal at low light levels, compare 

small changes in intensity, and discriminate small signals amid large backgrounds—with ease. 

Fan Long, Shaoqun Zeng, and Zhen-Li Huang. "Localization-based super-resolution microscopy with an sCMOS 
camera Part II: Experimental methodology for comparing sCMOS with EMCCD cameras," Optics Express, Vol. 20, 
Issue 16, pp. 17741-17759 (2012) http://dx.doi.org/10.1364/OE.20.017741

The ORCA-Flash4.0 V2 SNR exceeds that of EM-CCDs at about 6 photons/pixel. 

The solid lines show measured data at 533 nm. This measurement aligns well with 

predicted values (dotted line) for EM-CCD and ORCA-Flash4.0 V2. For 

comparison, the theoretical line for the Gen I type sensor is shown. Due to low QE 

and higher read noise, the Gen I camera does not compete with EM-CCD or Gen II 

ORCA-Flash4.0 V2 at these low light levels.  

ORCA-Flash4.0 V2: QE =70 %, Nr = 1.6 electrons rms as measured for this camera

EM-CCD: QE = 91 %, Nr = 0.2 electrons rms

Gen I sCMOS: QE = 52 %, Nr = 2 electrons rms as reported in literature

SNR Comparison of ORCA-Flash4.0 V2,
Gen I sCMOS and EM-CCD
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Versatile by design
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Readout speed at center position (frames/s, typ.)

100

200

400

801

1603

3206

25 655

When conducting imaging with a camera that has 4 194 304 pixels with 16-bit data depth, a single image is 

8 megabytes. But capturing a single frame is child's play. What really matters is sustained, sequential image 

capture. Hamamatsu's ImageConductor gives you control over which speed works for you. In the default 

configuration, the ORCA-Flash4.0 V2 comes with a USB 3.0 card and cable and will deliver 30 frames/s of 

full frame acquisition. If you choose, upgrade to our fully supported FireBird PCI Express Gen II 8× Camera 

Link card, and that very same camera, without any additional modifications, can achieve 100 frames/s full 

resolution speed. Combining the Camera Link version with our recommended solid state drive and high-

speed computer keeps your data flowing, for up to 40 minutes of full speed, full resolution recording. Both 

camera configurations facilitate fine tuning of frame rates by allowing flexible region of interest, letting you 

select the area that matters. At all speeds, in every configuration, the ORCA-Flash4.0 V2 has just 1.9 

electrons rms (1.3 electrons median) read noise for the ultimate in versatility and performance.

Low noise and fast readout time simultaneously

Up to 40 min. of continuous full speed, full resolution acquisition*1High speed

0 ms 10 ms 20 ms

*1 This was tested with Dell T5500 (E5640 2.66GHz) + RAID0 (LSI MegaRAID SAS 
9260-4i) and 4 pcs SATA SSD drives (SAMSUNG MZ-7PC512) Windows7 64 bit

Camera Link USB 3.0

2048 / 1536 / 1024 512

Horizontal pixel

2048 / 1536 / 1024 / 512

Horizontal pixel

100

200

400

801

1603

3206

25 655

30

60

120

240

481

968

7894

100

200

400

801

1603

3206

25 655

2048

1024

512

256

128

64

8

Binning
2 × 2, 4 × 4

Binning
2 × 2, 4 × 4

Vertical line

Readout speed

High-speed Ca2+ imaging of cardiomyocyte derived from human iPS cell stained with Fluo8-AM. Sequential images were obtained every 10 ms.

Left: whole FOV of the ORCA-Flash4.0 V2 image. Right: magnified images show rapid and finely localized changes in intracellular Ca2+ concentration 

associated with cardiomyocyte contractions.

Allegro or presto?  You be the Conductor.

Versatile by design

6 



Specifications

Trigger out
External signal output

External signal output routing

3 programmable timing outputs
Global exposure timing and Trigger ready output
SMA connector

Software
Software interface PC-based acquisition package included

DCAM-SDK, commercially available software

Cooling method
Forced air (Ambient at +20 :)
Water (+20 :)
Water (+15 :)

Sensor temperature (nominal)
–10 :
–20 :
–30 :

Dark current (typ.)
0.5 electrons/pixel/s
0.15 electrons/pixel/s
0.05 electrons/pixel/s

Readout speed
Full resolution
2048 × 1024 (at center position)
2048 × 8 (at center position)
512 × 8 (at center position)

Camera Link
100 frames/s
200 frames/s
25 655 frames/s
-

USB 3.0
30 frames/s
60 frames/s
7894 frames/s
25 655 frames/s

Product number
Imaging device
Effective number of pixels
Cell size
Effective area
Full well capacity (typ.)
Readout
time
Readout
noise
Dynamic range (typ.)*2

Quantum efficiency

C11440-22CU (ORCA-Flash4.0 V2)
Scientific CMOS sensor FL-400
2048(H) × 2048(V)
6.5 μm × 6.5 μm
13.312 mm × 13.312 mm
30 000 electrons
10 ms
33 ms
1.9 electrons rms (1.3 electrons median)
1.5 electrons rms (0.9 electrons median)
33 000:1
Higher than 70 % at 600 nm and 50 % at 750 nm

*2 Full well capacity / Readout noise median in slow scan
*3 Minimum exposure time in internal trigger mode varies depending on sub-array setting. Minimum exposure time is in standard scan.

Trigger in
External trigger mode
External trigger signal routing
External trigger delay function

Edge, Level, Synchronous readout and Start trigger
SMA connector or Camera Link I/F
0 to 10 s in 10 μs steps

ORCA-Flash4.0 V2

Internal trigger mode (at full resolution)
Internal trigger mode with sub-array readout
External trigger mode with sub-array readout

Standard scan (at 100 frames/s)
Slow scan  (at 30 frames/s)
Standard scan (at 100 frames/s, typ.)
Slow scan  (at 30 frames/s, typ.)

A/D conversion
Readout modes

Exposure
time*3

Digital interface
Lens mount
Power requirement
Power consumption

16 bit output
Digital binning 2 × 2 / 4 × 4
Sub-array readout mode
1 ms to 10 s
38.96 μs to 10 s
1 ms to 10 s
Camera Link full configuration Deca mode / USB 3.0
C-mount
AC 100 V to AC 240 V, 50 Hz/60 Hz
Approx. 70 VA

Lightsheet Readout Mode™ (Camera Link only)
Readout format
Readout direction
Readout time
Scan mode

Seamless readout
Top to bottom / Bottom to top
20 ms to 204.8 s (at full area readout)
Full area, Sub-array

7



Cat. No. SCAS0081E07
JAN/2013 HPK     Created in Japan

● Subject to local technical requirements and regulations, availability of products included in this promotional material may vary. Please consult your local sales representative.
● Information furnished by HAMAMATSU is believed to be reliable. However, no responsibility is assumed for possible inaccuracies or omissions.

Specifications and external appearance are subject to change without notice.
© 2013 Hamamatsu Photonics K.K.

ORCA is registered trademark of Hamamatsu Photonics K.K. (France, Germany, Japan, U.K., U.S.A.)
HCIMAGE is registered trademark of PHOTONICS MANAGEMENT CORP. (Australia, China, EU, Japan, Norway, Singapore, Switzerland, U.S.A.)
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Unit: mmCamera head (approx. 2.0 kg)
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13.5

85

85
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C-Mount

Commercially
available
software

C-mount
TV camera adapter

Relay lens (0.5×, etc.)

C-mount lens

Standard

Option

Laptop PC

AC adapter

Camera Link interface board and cable

USB 3.0
interface board and cable

HCImage*4

HSR*4

SSD

ORCA-Flash4.0 V2 digital camera set

PC

ORCA-Flash4.0 V2

*4 HCImage/HSR software provides standard image measurement functions. 

Please contact your local Hamamatsu Sales Office or distributor regarding actual configuration.

Cover image:
Rat hippocampal neurons and glial fixed and immunostained 
with antibodies against HDAC6, GFAP and Synapsin1&2. 
Courtesy of Qi Zhang, Ph.D., Vanderbilt University
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A. Appendix 3: Interferometry

Project Report

This project was done under the supervision of the Prof. Atchison at the optics laboratories of the

Queensland University of Technology (Brisbane, Queensland, Australia).

A.1 Introduction

One of the most important parts of the human eye is the retina (Figure A.1.1). The retina is a

photo-sensor tissue of the eye that transforms the light information into neuronal impulses and

sends them to the brain passing through the optical nerve. Basically, it is the main responsible

of sight. Due to its importance, it has been developed and improved all the instrumentation and

techniques to image and to obtain information of the living human retina.

Figure A.1.1: A drawing of a section through the human eye with a schematic enlargement of the

retina (Source: [146]).

Williams published a detailed review in this issue at 2011 [147]. The review starts presenting

the ophthalmoscope, invented by Helmholtz [148] and ends with adaptive optics scanning laser

ophthalmoscopy [149] and the main advantages of it, passing through imaging interference fringes

on the retina [150, 151], the scanning laser ophthalmoscope [152] and OCT (Optical Coherence

Tomography) [153].

The same way than in the vision correction topic, adaptive optics is presented as the most

useful tool to overcome the limits in retinal imaging [147]. Nevertheless, the purpose of this

study is to verify if there is some information that can be extracted imaging interference fringes

on the retina and process them using superresolution techniques [154][9], or, in the contrary, if it

is necessary to use adaptive optics.
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A.2 Methods

Regarding the fact that two small coherent light sources, or images of such sources, have to be

focused on the pupil’s plane of the eye to create a fringe interference pattern on the retina [155],

different experimental set-ups and modification of an instrument had been attempted to image it.

A.2.1 Experimental Set-Up: Configuration 1

The configuration 1 of the experimental set-up (Figure A.2.1) was composed of:

• Laser [λ = 743.5nm] and laser expander (1)

• 2 Circular apertures (2) (Details in Figure A.2.2)

• Dove prism (3)

• Pellicle Beamsplitter (PBS) [Thorlabs BP245B345/55] (5)

• Achromatic doublet [ f ′ = 30mm] (6)

• Artificial eye (7)

• Camera lens (8)

• PixelLink Camera [PL − A741] (9)

Figure A.2.1: Configuration 1; Laser (1), Circular Apertures (2), Dove Prism (3), FBS (5), Achro-

matic Doublet (6), Eye (7), Camera Lens (8) and Camera (9).

In order to create the interference pattern in the retina’s plane of the eye (7), the laser beam

passes first to the beam’s expander (1) resulting in a 20mm diameter collimated beam. This beam is
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divided into two spots of 1mm diameter by the circular apertures (2).A Dove prism (3) is after the

apertures to change the orientation of the fringes. After this, there is the PBS (5) and an achromatic

doublet (6), just in front of the eye, which focuses the two spots on the pupil’s plane to create the

interference pattern on the retina’s plane. The retina is image by the beamsplitter and camera lens

(8) onto the camera image plane (9).

Figure A.2.2: Circular apertures.

A.2.2 Experimental Set-Up: Configuration 2

The configuration 2 was developed to have a system as similar as possible as that described in

Lotmar’s paper [155] to try to get the expected interference pattern.

This differs from configuration 1 by the light not being collimated before the achromatic

doublet. To do that, a divergent lens was placed between the two circular apertures and the

achromatic doublet (Figure A.2.3). A cube beamsplitter was used instead of the PBS to compare

them and choose the best option for the system.

The two spots are focused on the pupil’s plane of the eye (7) after passing through the divergent

lens (4), the cube beamsplitter (5) and the achromatic doublet (6).Then the reflection of the retina is

captured by the camera (9) which is focused on the retina’s plane of the eye thanks to the oriented

cube beamsplitter (5) and the camera lens (8). The Dove prism (3) is placed before the divergent

lens since it can only works with collimated light [155].

A.2.3 Experimental Set-Up: Configuration 3

Due to several problems found with configuration 1 and 2 commented in the results section of

this report, a configuration 3 was built up. In this case, a flat beamsplitter (50/50) and 3 mirrors

(Figure A.2.4) were used instead of the circular apertures and the Dove prism. As a consequence,

after the beam expander (1), the 20mm spot passed through the flat beam splitter (2) that reflected

the 50% of the light to mirror 1 (3) and refracted the other 5% to mirror 2. Mirror 2 (4) reflected

the 20mm spot to mirror 3 (5). Mirror 1 and 3 reflected the two 20mm spots to the achromatic
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Figure A.2.3: Configuration 2; Laser (1), Circular Apertures (2), Dove Prism (3), Divergent lens

(4), Cube beamsplitter (5), Achromatic Doublet (6), Eye (7), Camera Lens (8) and Camera (9).

doublet ( f ′ = 30mm) going through the pellicle beamsplitter. The same way as in configuration 1,

the achromatic doublet focused both spots on the pupil’s plane of the eye. Then, the interference

pattern created on the retina was imaged by the camera, thanks to the pellicle beamsplitter and

the camera lens (Figure A.2.1).

Figure A.2.4: First part of configuration 3; Beam expander (1), flat beamsplitter (2), mirror 1 (3),

mirror 2 (4) and mirror 3 (5).
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A.2.4 Modified Lotmar Interferometer

After all the unsuccessful attempts to create an appropriate fringe pattern on the retina with

previous explained configurations, we decided to modify the Lotmar interferometer to get images

of the fringe pattern that the system creates on the retina by a camera and to have enough intensity

of light to image it.

Different sources as superluminescent LEDs, incandescent bulb or white light conducted by

an optical fibre were tested. But only the laser of 637nm of wavelength (Laser Source THORLABS

SFC635 (Power range from 0 to 8.04mW/ λ = 637nm)) had enough intensity to image the fringe

pattern on the retina by a camera. As a consequence, the original illumination system was replaced

by the optical fibre and lens that focus the light at the entrance pupil plane of the system (Figure

A.2.5), which is placed after the lens.

Figure A.2.5: Image of the new illumination system composed by the optical fiber of the laser and

the achromatic doublet.

A cube beamsplitter (50/50) and the camera used in the previous set-ups were added to get the

images (Figure A.2.6). The beamsplitter orientation was manipulated to ensure that reflections

from its walls did not enter the camera. A beam trap was also placed in the opposite direction

of the camera to avoid the entrance of the light reflection of the wall of the first reflection light

of the beamsplitter in it. Of course, this does not stop light being reflected from the side of the

beamsplitter closest to the eye or to the wall.

Background images were taken. These may be used in processing, but this has not yet been

done. Once all the modifications were added in the Lotmar interferometer, different tests were

performed to check the safety power range of the laser and the availability of the system to get the

images. In order to check the safety power range of the laser, a power meter sensor was placed

50mm away from the exit of the instrument (45mm away from the cube beamsplitter), since is

where the eye has to be positioned. According to the results, although the maximum power of the

laser was 8.03mW, only 30µW were arriving at cornea’s plane, which is the half power of the safe

limit (60µW). Then, the availability was also checked getting several images of the fringe pattern

on the retina of a model eye and on the retina of two different human eyes.

Post-processing of images was done with Photoshop. This includes a pseudo- exposure control,
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the gamma correction (is a nonlinear processing about the luminance of the image), levels (that

you use to correct the tonal range and color balance of an image by adjusting intensity levels of

image shadows, midtones, and highlights) and contrast values.

Figure A.2.6: Modified Lotmar interferometer; Illumination system (1), cube beamsplitter (2),

camera lens (telecentric) + camera (3), beam trap (4).

A.2.4.1 Participants and Measurement Conditions

Right eyes of two participants of 22 and 31 years old were assessed. Some images were collected

on a third participant (not reported here).The participants were stabilized by a bitebar and aligned

with a xyz translation stage.

Part of the images was taken with dilated pupils. In this case, one drop of tropicamide 1% was

inserted in the right eye of the participants 15min before the measurements. Both participants had

a pupil’s diameter of 7mm in this condition. The other part was taken with no dilation. In this

case, the 31 years old participant had a pupil’s diameter of 3mm and the 22 years old participant

had a 4mm diameter of the pupil under the illumination conditions of the experiment. The only

illumination was the own illumination of the instrument. The intensity of the light was high

enough to cause near the maximum response of the pupil. Consequently, both participants had

nearly their own minimum pupil’s diameter when no dilated acquisitions were performed.

Taking into account that Lotmar interferometer has a range of frequency of the fringe pattern

from 1cycle/degree to 75cycles/degree and 4 different orientations of the fringes (45, 90, 135and180degrees),

a large number of images of different frequencies and orientations were gotten per each participant
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in both conditions. The field angle was 3.5degrees. Different exposure times and laser power were

used in different images. The camera focus was adjusted for each participant.

A.3 Results

As it was commented in the previous section, only with the modified Lotmar interferometer was

possible to produce and image a fringe pattern on the retina. Configurations 1 and 2 of the set-up

were imaging the two circular spots mask. This means that the spots never overlapped on the

retina and, as a consequence, none appropriate interference pattern was formed (Figure A.3.1).

Figure A.3.1: Retinal plane image of configuration 1.

The two 20mm spots of configuration 3 were overlapped on the retina, but not the interference

pattern that we were looking for was formed (Figure A.3.2). The problem with this configuration

was the limited accuracy that the system had to align perfectly the two spots.

Figure A.3.2: Retinal plane image of configuration 3.

Several examples of model eye (Figure A.3.3) and the participants’ images (Figure A.3.4 and

A.3.5) are presented below. The orientation for the images is that of the images – it is possible that

the subject’s view is flipped about the vertical/horizontal axis and this needs checking.

A.4 Discussion

The quality of the images from 31 years old participant is quite better than the ones from the 22

years old participant. So, it might be recommendable to get more images from the 31 years old

participant if it would be necessary have more images.
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(a) Frequency = 1.5cycles/degree;

Orientation horizontal.

(b) Frequency = 3cycles/degree;

Orientation vertical.

Figure A.3.3: Images of the retina plane of the model eye (Exposuretime = 240ms; LaserPower =

8.03mW)

(a) Frequency = 9cycles/degree;

Orientation vertical.

(b) Frequency = 3cycles/degree;

Orientation = 45degrees.

Figure A.3.4: Images of the retina plane of the no-dilated right eye of the 31 years old participant

(Exposuretime = 570ms; LaserPower = 8.03mW) [Images had been modified in Photoshop].

(a) Frequency = 6cycles/degree;

Orientation = 135degrees.

(b) Frequency = 3cycles/degree;

Orientation horizontal.

Figure A.3.5: Images of the retina plane of the dilated right eye of the 22 years old participant

(Exposuretime = 130ms (a) and 230ms (b); LaserPower = 8.03mW) [Images had been modified in

Photoshop].

Further manipulation of the imaging parameters can be considered e.g. shorter exposure to

reduce problems associated with eye movement combined with gains higher than 0 (all the images

taken for this project have a gain of 0).
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At this point of the project, it is possible to confirm that the modified Lotmar interferometer

can be used to get images of the interference pattern that form on the retina of eyes. Due to

this, the next steps should be process the images by superresolution techniques and prove it is

possible, or not, to extract information about the distribution of the photoreceptors of the retina.

If the conclusion is that is not possible, then the addition of adaptive optics can be considered as

a solution.
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