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Guided tour to Vasa museum
Date:
Time:
Costs:

Saturday, 21 August 2010
17.00 hrs
13 €

Visiting address:
Vasa-museet
Galärvarvsvägen 14
Djurgården, Stockholm

In advance of the conference, all attendees of the EOS Topical Meeting: 5th European Meeting on Visual and Physiological
Optics (EMVPO 2010) can join our visit to the Vasa museum!
The guided tour will give you an overview of Vasa's history - the king, construction, maiden voyage, sinking, salvage, preservation and much more. Plunge into an important part of the Swedish marine history and marvel at the most conserved warship of
the 17th century.
How to register for the guided tour?
To book this event, please purchase your registration until 11 August 2010 via our secure online shop: www.myeos.org/shop or
via our fax registration form at www.myeos.org/events/stockholm.

Getting there
From the Central Station to the Vasa museum:

by walk approx. 30 minutes
By underground/bus:
Option 1:

Take the underground red line to Östermalmstorg

Change to bus number 47 towards Waldemarsudde
Option 2:

Take the underground red line to Karlaplan

Change to bus number 44 towards Skansen
By tram:

Take the tram from Norrmalmstorg to Djurgården

From the Elite Hotel Arcadia to the Vasa museum (duration approx. 19 minutes)

Walk approx. 400 metres to Tekniska högskolan

Take Metro red line 14 from Tekniska högskolan towards
Liljeholmen.

Walk from Östermalmstorg to Nybroplan

At Nybroplan change to Bus 69K towards Kaknästornet

Walk 500 metres to Stockholm, Galärvarvsvägen 14
From the Elite Hotel Palace to the Vasa museum (duration approx. 16 minutes)

Walk approx. 850 metres to Odenplan

Take Metro green line 18 from Odenplan towards Farsta
strand

At Sergels torg change to Bus 69 towards Blockhusudden

Walk 500 metres to Stockholm, Galärvarvsvägen 14

Excursion to the Stockholm City Hall & archipelago
Date:
Time:
Costs:

Monday, 23 August 2010
12.45 hrs to ~ 21.30 hrs
No additional costs

We thank the City of Stockholm for
inviting us to the Stockholm City Hall!

Each attendee is welcome to join the lunch and guided tour at the Stockholm City Hall. After a group photo at the Stockholm
City Hall and a walk through the Old Town „Gamla stan“, an excursion will be made with the "M/S Riddarholmen" and the
conference dinner takes place while cruising among the 30,000 islands of Stockholm‟s archipelago.
How to register for the social programme?
To participate in the social programme, please register until 11 August 2010 by ticking the box „Social Programme“ on the
registration fax form or by sending an email to stockholm@myeos.org.
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Information for authors and attendees
Registration desk (located in the main Entrance of AlbaNova, Level 5, Roslagstullsbacken 21)
Opening times
Sunday, 22 August
Monday, 23 August
Tuesday, 24 August

08:00 - 18:45
08:30 - 13:00
08:30 - 18:45

Payment receipts and confirmations of attendance will be available on-site at the registration desk. Payment on-site can be
made by credit card and by cash. Attendees paying by cash are requested to bring the exact change in Euro.

Oral presentations
Regular speakers are allotted 12 minutes (+ 3 minutes for questions). Invited speakers are allotted 45 minutes and Keynote
speakers 30 minutes. Please plan your presentation accordingly to meet the time restrictions.
All authors are requested to upload their presentation to the presentation computer well in advance of their talk.
Technical equipment:
All technical equipment (presentation computer, projector, sound system, laser pointer, microphone) will be provided on-site by
the organiser.
Please bring your presentation on a USB mass storage, CD-ROM, and/or DVD and include all video files. File formats: ppt,
pptx and pdf. A Windows-based presentation computer will be provided.
For Mac users: To make sure your presentation is displayed correctly, please:
 bring your presentation as pdf-file with fonts embedded or
 restrict yourself to Arial, Times New Roman (not Times), Courier New (not Courier), Symbol and Windings
when creating your ppt- or pptx-file.

Poster presentations
Authors are requested to be present at their posters during the two official poster sessions. The posters should be on display
during the whole conference. Poster set-up and removal is in the responsibility of the authors.
The maximum poster size is 841 mm (width) x 1189 mm (height). Poster pins will be provided by the organizers.
 POSTER SESSION I will be taking place on Sunday, 22 August from 14:00 - 15:00 (Room: AlbaNova main corridor).
 POSTER SESSION II will be taking place on Tuesday, 24 August from 14:00 - 15:00 (Room: AlbaNova main corridor).

Paper publication in the Journal of Modern Optics (JMO)
All attendees are invited to submit their work presented on this topical meeting to the Journal of Modern Optics (JMO), published by Taylor & Francis.
JMO is the successor journal to Optica Acta. This is a peer reviewed, highly cited journal in optical sciences, which publishes
papers in all areas of optics (broadly defined). This journal will soon be indexed in pubmed.
Website: http://www.tandf.co.uk/journals/jmo
Submission deadline: The submission deadline is open until 1 November 2010. The official call for papers can be downloaded
here: www.tandf.co.uk/journals/cfp/tmopcfp3.pdf.

EMVPO2010 I www.myeos.org/events/stockholm
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Hotel booking
There are still rooms available at the special rate the organizers arranged with the Elite Hotel Arcadia and the Elite Hotel
Palace.
Elite Hotel Arcadia****
Körsbärsvägen 1
114 23 Stockholm
Phone: +46 (0)8 / 566 215 00
Fax: +46 (0) 8 / 566 215 01
reservation.arcadia@elite.se | http://www.elite.se/eng/node/1403
Elite Hotel Palace****
S:t Eriksgatan 115
Box 21034
100 31 Stockholm
Phone: +46 (0)8 / 566 217 40
Fax: +46 (0)8 / 566 217 0
reservation.palace@elite.se | http://www.elite.se/eng/node/705
Please refer directly to the hotel reservation via email or telephone. When making your reservation, please mention the booking code KTH100821.

Alternative hotels:
Price range ~ 100 - 200 Euro
Hotel Birger Jarl****
Tulegatan 8
104 32 Stockholm
E-mail: reservation@birgerjarl.se
Tel: +46 (0) 8/674 10 00
Fax: +46(0) 8/673 73 66

Distance*:
Remarks:

Rex Hotel***
Luntmakargatan 73
11351 Stockholm
E-mail: reception@rexhotel.se
Phone: +46 (0) 8 16 00 40
Fax: +46(0) 8 661 86

Distance*:
Remarks:
Rates:

1.5 km, about 20 min. by walk
free WIFI access in guest rooms
single room incl. breakfast 990 SEK (102 €)
per room;
double room incl. breakfast 1,190.00 SEK
123 €) per room

Hotel Oden***
Karlbergsvägen 24
P.O. Box 6246
102 34 Stockholm
E-mail: info@hoteloden.se
Tel: +46 (0) 8/457 97 00
Fax: +46 (0)8/57 97 10

Distance*:
Remarks:

2.3 km, about 22 min. by walk
free WIFI access in guest rooms and public
areas; sauna and gym included
single room incl. breakfast 925.00 SEK (Fri –
Sun) (96 €) per person – 1.365.00 SEK (Sun–
Fri) (144 €) per person;
double room incl. breakfast 1,195.00 SEK (Fri
– Sun) (124 €) – 1,695 SEK (Sun–Fri) (175 €)
per person

Comfort Hotel Stockholm***
Kungsbron 1
111 22 Stockholm
E-mail: co.stockholm@choice.se
Phone : +46 (0) 8/56 62 22 00
Fax: +46 (0) 8/56 62 24 44

Distance*:
Remarks:
Rate(s):

Rate(s):

Rate(s):

1.2 km
free WIFI access in guest rooms; sauna and
gym included
single room incl. breakfast
1,690.00 SEK (176 €) per room;
double room incl. breakfast 1,890.00 SEK
(197€) per room

2.8 km, about 35 min. by walk
free WIFI access, fitness centre (exclusive)
single room incl. breakfast 695.00 SEK (73 €)–
1,595.00 SEK (165 €) per person

* Distance to AlbaNova
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Hotel booking
Price range ~ ≥100 Euro
Pensionat Oden Vasastan**
Odengatan 38
113 51 Stockholm
Tel: +46 (0) 8/612 43 49
Fax: +46 (0)8/612 45 01
Reservation:
www.booking.com

Distance*:
Remarks:
Rate(s):

1 km, about 14 min. by walk
shared bathroom
double room incl. breakfast 850- 895 SEK
(90-92 €) per room

Colonial Hotel**
Västmannagatan 13
Vasastan
111 24 Stockholm
Reservation:
www.booking.com

Distance*:
Remarks:
Rate(s):

2.3 km, about 30 min. by walk
shared or single bathroom
single room incl. breakfast 595 SEK (62 €) –
795 SEK (83 €) per room

Hotel Micro*
Tègnerlunden 8
Vasastan
11359 Stockholm
Reservation:
www.booking.com

Distance*:
Remarks:
Rate(s):

2 km, about 25 min. by walk
shared bathroom
double room excl. breakfast 595 SEK (62 €)
per room; single room excl. breakfast 495 SEK
(52 €) per room
* Distance to AlbaNova

We hope many students will find the way to our meeting. As accomodation Stockholm also offers a number of hostels, the most
attractive one of them is the treemast ship „af Chapman“ on an island just across the Royal Palace.
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The venue & getting there
The venue
Visiting address:
KTH (Royal Institute of Technology)
AlbaNova University Center
Biomedical and X-Ray Physics
Roslagstullsbacken 21
SE-106 91 Stockholm
www.albanova.se
AlbaNova University Center combines under one roof the physics departments of both Stockholm University and KTH, The Royal Institute of Technology. The building was designed by Danish architect Henning Larsen and inaugurated in 2001. Within the
KTH Applied Physics Department„s Division „Biomedical and X-Ray Physics“ (Head of Department and Division Prof. Hans
Hertz), the small group “Visual Optics” has been given the task to take care of the arrangements for the 5th EMVPO. AlbaNova, where lectures and lunch take place, is situated to the northwest of downtown Stockholm, a good 1 km west of KTH main
campus and a good 1 km south of Stockholm University.

Getting there:
To get to the KTH campus from the train station, Arlanda Airport, Bromma Airport or Skavsta Airport follow the instructions
below:
From Bromma Airport to Biomedical & X-ray Physics, KTH - AlbaNova:
Option 1:

Take a taxi from the Bromma airport to the Albanova (approx. 200 SEK).

Look at the map and site plan on the next page to find our location on campus.
Option 2:
Take the airport bus to "City-terminalen" (approx. 80 SEK, timetable).

Find your way to the subway, follow the signs "T-bana".

Take the "red line" subway, towards "Mörby centrum" (not "Ropsten") to "Tekniska högskolan".

Look at the map and site plan on the next page to find our location on campus.
From Arlanda Airport to Biomedical & X-ray Physics, KTH - AlbaNova:
Option 1:

Take a taxi from the airport to the Albanova (approx. 500 SEK).
Option 2:

Take the airport bus to "City-terminalen" (approx. 110 SEK, timetable).

Find your way to the subway, follow the signs "T-bana".

Take the "red line" subway, towards "Mörby centrum" (not "Ropsten") to "Tekniska högskolan".

Look at the map and site plan on the next page to find our location on campus.
From Skavsta Airport to Biomedical & X-ray Physics, KTH – AlbaNova:





Take the airport bus to “City-Terminalen” (approx. 119 SEK, timetable).
Find your way to the subway, follow the signs "T-bana".
Take the "red line" subway, towards "Mörby centrum" (not "Ropsten") to "Tekniska högskolan".
Look at the map and site plan on the next page to find our location on campus.

From Central Train Station to Biomedical & X-ray Physics, KTH - AlbaNova:




Find your way to the subway; follow the signs "T-bana".
Take the "red line" subway, towards "Mörby centrum" (not "Ropsten") to "Tekniska högskolan".
Look at the map and site plan on the next page to find our location on campus.

Subway tickets can be bought individually as you enter the subway, however if you are staying for a while, and will make
more than 4 rides, it is much less expensive to buy a strip of 16 tickets for 180 SEK (18.72 €). One trip within the central part
of Stockholm requires two tickets which are time stamped when you enter the subway. The stamp is valid for unlimited travel in
any direction for 1 hour.
The parking area is located at the back of the AlbaNova building.
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Map of Albanova
KTH - AlbaNova
Roslagstullsbacken 21, Stockholm
Legend
The entrance is on level 5 of the main building of AlbaNova (see map).
The main conference room is “Oskar Klein Auditorium (FR4)”, located in the same rotunda, on level 4.
The poster board session will take place in the “AlbaNova main corridor”, next to the restaurant of AlbaNova.
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Synopsis
The EMVPO conferences gather world leading scientists in visual and physiological
optics. The focus is on how the optics of the eye affects vision and on how it may be
corrected and improved. The meetings are much appreciated due to the high scientific quality and the informal and intimate atmosphere, which encourages the exchange of new ideas and networking. It is a three-day meeting without parallel sessions and it attracts participants from all over the world.
The conferences are hosted by different European laboratories involved in visual and physiological optics. The first conference
was held in Wroclaw, Poland, in 1999 and it is now a biannual conference: Granada, Spain, in 2004, London, UK, in 2006,
Heraklion, Greece, in 2008 and now the Visual Optics group at KTH (the Royal Institute of Technology) in collaboration with the
European Optical Society is pleased to welcome you to the 5th meeting in Stockholm, Sweden.

Topics
This conference will cover many aspects of visual and physiological optics, including clinical studies, basic research, and instrumentation, for example:.













Adaptive optics in the eye
Cornea
Crystalline lens and accommodation
Eye-modeling
Low vision
Myopia

Peripheral eye
Refraction and ocular aberrations
Retinal image quality
Scattering in the eye
Spectacle, contact, and intraocular lens design

Chairs

Peter Unsbo
KTH - Royal Institute of Technology, SE

Linda Lundström
KTH - Royal Institute of Technology, SE

Programme committee
Pablo Artal
Universidad de Murcia, ES
David Atchison
Queensland University of Technology, AU
Neil Charman
University of Manchester, UK
Christopher Dainty
National University of Ireland, IE
Luis Diaz-Santana
City University London, UK
Harilaos Ginis
University of Crete, GR
Jörgen Gustafsson
University of Kalmar, SE
José Ramón Jiménez Cuesta
Universidad de Granada, ES

Henryk Kasprzak
Wroclaw University of Technology, PL
Susana Marcos Celestino
CSIC, ES
Larry N. Thibos
Indiana University, US
David R. Williams
University of Rochester, US
Geunyoung Yoon
University of Rochester, US
Peter Unsbo
KTH - Royal Institute of Technology, SE
Linda Lundström
KTH - Royal Institute of Technology, SE
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Programme at a glance
Saturday, 21 August

Tuesday, 24 August

16:00 - 17:00 SOCIAL PROGRAMME REGISTRATION
in front of the VASA museum

09:00 - 09:45 INVITED TALK
Evolutionary history of the human eye

Ronald H. H. Kröger
17:00

AFTERNOON- PROGRAMME
VISIT TO VASA MUSEUM

09:45 - 10:30 RETINAL CONE FUNCTION

Sunday, 22 August

10:30 - 11:00 Coffee break

08:00 - 09:30 REGISTRATION

11:00 - 11:30 KEYNOTE TALK
Light-tissue interaction in the retina

Erez N. Ribak

09:30 - 09:45 WELCOME
By Hans Hertz, Peter Unsbo & Linda
Lundström,
KTH - Royal Institute of Technology (SE)

11:30 - 13:00 ABERRATIONS AND VISION

09:45 - 10:30 INVITED TALK
Eye models and model eyes

14:00 - 15:00 POSTER SESSION II

13:00 - 14:00 Lunch break

Sverker Norrby

15:00 - 15:30 ADAPTIVE OPTICS AND RETINAL IMAGING

10:30 - 11:00 Coffee break

15:30 - 16:00 KEYNOTE TALK
In vivo two photon imaging of macaque retina

11:00 - 12:30 EYE MODELS AND IOL DESIGN

David R. Williams

12:30 - 13:00 KEYNOTE TALK
Thomas Young„s contributions to
physiological optics

16:00 - 16:30 Coffee break
16:30 - 17:15 ADAPTIVE OPTICS AND RETINAL IMAGING
(continued)

David A. Atchison
13:00 - 14:00 Lunch break

17:15 - 18:15 DISCUSSION
Measuring refractive state and optical
quality of the eye across the visual field

14:00 - 15:00 POSTER SESSION I

Larry N. Thibos

15:00 - 16:00 OPTICAL COHERENCE TOMOGRAPHY
18:15

16:00 - 16:30 Coffee break
16:30 - 17:30 ABERROMETRY AND ABERRATIONS

NOTES

17:30 - 18:30 DISCUSSION
Night myopia: a classic revisited

Pablo Artal
Monday, 23 August
09:15 - 10:30 NOVEL INSTRUMENTATION AND
METHODOLOGIES
10:45 - 11:15 Coffee break
11:15 - 12:45 PERIPHERAL VISION AND IMAGE QUALITY
12:45 - 21:30 EXCURSION
Lunch and guided tour at the Stockholm City
Hall (invited by the City of Stockholm)
15:30

Group photo at the Stockholm City Hall

16:00

Walk through the Old Town

17:30

Excursion to the archipelago
CONFERENCE DINNER
Dinner talk by Krister Inde

EMVPO2010 I www.myeos.org/events/stockholm
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Sunday, 22 August | Room: Oskar Klein Auditorium (FR4)
09:30-09:45

WELCOME
by Hans Hertz, Peter Unsbo & Linda Lundström, KTH - Royal Institute of Technology (SE)

09:45-10:30
INVITED TALK

Eye models and model eyes
Sverker Norrby,
AMO Groningen BV (NL)

10:30

Coffee break

11:00-12:30

EYE MODELS AND IOL DESIGN
Chair: Neil Charman, University of Manchester (UK)

11:00

Refractive index and accommodation: what may cause variations in function
B. K. Pierscionek, J. Keenan, D. Orr, University of Ulster, School of Biomedical Sciences (UK)

11:15

Customized eye modeling as a tool for IOL power calculations
C. Canovas1,2, P. Artal1, 1Universidad de Murcia, Laboratorio de Optica, Spain; 2AMO Groningen BV (NL)

11:30

Aplanatic intraocular lens design
S. Barbero1, S. Marcos1, J. Montejo1, C. Dorronsoro1, J. L. Rojas2, 1Instituto de Óptica (CSIC) (ES); 2AJL Ophthalmics SA (ES)

11:45

Performance of a dual-optics intraocular lens in a simulated pseudophakic eye
M. Sheehan, A. V. Goncharov, Chr. Dainty, Applied Optics Group, School of Physics, National University of Ireland (IE)

12:00

Simulation of visual performance for bifocal intraocular lenses in comparison to conventional monofocal lenses
B. Boehme1, M. Gerlach2, W. Fiala3, 1Carl Zeiss AG (DE); 2Acri.Tec GmbH Henningsdorf (DE); 3Department of Ophthalmology and Optometry, Medical University Vienna (AT)

12:15

Visual evaluation of different corneal models for the correction of presbyopia with laser ablation
A. Alarcon, R. G. Anera, J. R. Jimenez, L. Jimenez del Barco, Laboratory of Vision Sciences and Applications, Departamento
de Óptica, Universidad de Granada (ES)

12:30-13:00
KEYNOTE TALK

Thomas Young‟s contributions to physiological optics
David A. Atchison1, W. N. Charman2; 1Queensland University of Technology, Institute of Health and Biomedical Innovation
(AU); 2University of Manchester, Faculty of Life Sciences (UK)

13:00

Lunch break

14:00-15:00

POSTER SESSION I
For an overview of the poster presentations please see page 15 to 17.

15:00-16:00

OPTICAL COHERENCE TOMOGRAPHY
Chair: Peter Unsbo, KTH - Royal Institute of Technology (SE)

15:00

Whole eye imaging of small animals with apectral domain optical coherence tomography
M. Ruggeri1,2, S. Uhlhorn1,2, F. Manns1,2, J.-M.Parel1,2, Vi. Porciatti1,2, 1Ophthalmic Biophysics Center, Bascom Palmer Eye
Institute, University of Miami Miller School of Medicine (US); 2Biomedical Optics Laboratory, Department of Biomedical Engineering, College of Engineering, University of Miami (US)

15:15

Estimation of the contribution of the gradient index structure to the posterior surface optical distortion in excised human crystalline lenses imaged by Optical Coherence Tomography,
D. Siedlecki1,2, A. de Castro2, S. Ortiz2, D. Borja3, St. Uhlhorn3, F. Manns3,4, S. Marcos2, 1Wroclaw University of Technology
(PL); 2Instituto de Óptica “Daza de Valdés”, CSIC (ES); 3University of Miami, Bascom Palmer Eye Institute (US); 4University of
Miami, College of Engineering (US)

15:30

Quantitative three-dimensional anterior segment imaging optical coherence tomography: developments and applications
S. Ortiz1, P. Perez-Merino1, E. Gambra1, S. Kling1, A. de Castro1, D. Pascual1, I. Grulkwoski2, M. Gora2, M. Wojtkowski2,
S. Marcos1, 1Instituto de Óptica “Daza de Valdés”, CSIC (ES); 2Insitute of Physics, Nicolaus Copernicus University (PL)

15:45

Three-dimensional reconstruction of the gradient refractive index of the crystalline lens in vitro from OCT images
A. de Castro1, S. Ortiz1, E. Gambra1, D. Siedlecki1,2, S. Marcos1, 1Instituto de Óptica “Daza de Valdés”, CSIC (ES); 2Wroclaw University of Technology (PL)

16:00

Coffee break
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Sunday, 22 August | Room: Oskar Klein Auditorium (FR4) (continued)
16:30-17:30

ABERROMETRY AND ABERRATIONS
Chair: Ralf Blendowske, Hochschule Darmstadt (DE)

16:30

Ray tracing aberrometry with local time-separated wave front conjugation
V. V. Molebny, Institute of Biomedical Engineering (UA)

16:45

Two-parameter model for the statistical description of the optical aberrations of the human eye
N. M. Jansonius, University of Groningen, Department of Ophthalmology (NL)

17:00

New approach to eye aberration analysis
V. V. Molebny, Institute of Biomedical Engineering (UA)

17:15

Biomechanical properties of the outer coats of the eyeball: numerical modelling applied to experimental analysis
M. Widlicka1, D. W. Śródka2, B. K. Pierścionek3, 1Wroclaw University of Technology, Institute of Physics (PL); 2Wroclaw University of Technology, Faculty Division of Deformable Bodies Mechanics (PL); 3University of Ulster, School of Biomedical Sciences, (UK)

17:30-18:30

DISCUSSION
Night myopia: a classic revisited
Moderator: Pablo Artal, Universidad de Murcia (ES)

Monday, 23 August | Room: Oskar Klein Auditorium (FR4)
09:15-10:30

NOVEL INSTRUMENTATION AND METHODOLOGIES
Chair: Brian Vohnsen, University College Dublin (IE)

09:15

Imaging techniques for non invasive analysis of eye blinking dynamics
D. Mas, B. Domenech, J. Espinosa, J. Pérez, C. Hernández, C. Illueca, University of Alicante, Instituto de Física Aplicada a las
Ciencias y Tecnologías (ES)

09:30

A new tool to remove artifacts and noise from signals of microfluctuations in the accommodation of human eye
P. P. Monticone, M. Menozzi, Technology and Innovation Management, ETH Zurich (CH)

09:45

Alternative approach to fit irregular corneas
J. Espinosa, J. Pérez, D. Mas, C. Vázquez, C. Illueca, University of Alicante. Instituto de Física Aplicada a las Ciencias y
Tecnologías (ES)

10:00

Shack-Hartmann multiple spots with diffractive lenses
F. Castignoles1, T. Lepine1,2, P. Chavel2, G. Cohen3, 1Université Jean-Monnet, Laboratoire Hubert Curien, CNRS (FR); 2Institut
d‟Optique, Laboratoire Charles Fabry, CNRS, Université Paris-Sud (FR); 3Cabinet d‟ophtalmologie (FR)

10:15

Measuring light scatter with Shack-Hartmann wavefront aberrometer
J. Nam, L. N. Thibos, N. Himebaugh, H. Liu, Indiana University, School of Optometry (US)

10:30

Hyperspectral image processing for automatic feature extraction and white light image synthesis
V. Nourrit1, J. Denniss1, I. Schiessl1, D. B. Henson2, 1Faculty of Life Sciences, University of Manchester (UK); 2School of Biomedicine, University of Manchester (UK)

10:45

Coffee break

11:15-12:45

PERIPHERAL VISION AND IMAGE QUALITY
Chair: Alexander Goncharov, National University of Ireland Galway (IE)

11:15

Automatic wide-field ray-tracing aberrometer
J. Mazzaferri, R. Navarro, Consejo Superior de Investigaciones Científicas & Universidad de Zaragoza, ICMA (ES)

11:30

Fast Hartmann-Shack wave-front sensor scanner for peripheral measurements
B. Jaeken, P. Artal, Laboratorio de Óptica, Universidad de Murcia, Campus de Espinardo (Ed. CiOyN) (ES)

11:45

Method for comparing Zernike aberration coefficients for pupils of any size or shape
L.. N. Thibos, J. Nam, X. Wei, J. Shen, Indiana University, School of Optometry (US)

EMVPO2010 I www.myeos.org/events/stockholm
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Monday, 23 August | Room: Oskar Klein Auditorium (FR4) (continued)
11:00-12:45

PERIPHERAL VISION AND IMAGE QUALITY (continued)
Chair: Alexander Goncharov, National University of Ireland Galway (IE)

12:00

Peripheral image quality after photorefractive keratectomy
H. Ginis, A. Demesticha, G. Kymionis, N. Astyrakakis, I. Pallikaris, University of Crete, Institute of Vision and Optics (GR)

12:15

Influence of optical defocus on peripheral vision
R. Rosén, L. Lundström, P. Unsbo, Royal Institute of Technology, Dept of Applied Physics (SE)

12:30

Accommodation of myopes and emmetropes to peripheral stimuli
W. N. Charman, A. Hartwig, H. Radhakrishnan, Faculty of Life Sciences, University of Manchester (UK)

12:45-21:30

EXCURSION
Open to all attendees of the EMVPO 2010 - please register until 11 August 2010

13:30

Lunch & guided tour at the Stockholm City Hall (invited by the City of Stockholm)
Group photo at the Stockholm City Hall

16:00

Walk through the Old Town „Gamla stan“

17:30

Excursion to the archipelago & conference dinner
DINNER TALK

Management by eccentricity - how to make a living and find happiness through looking 12 degrees to the left of the face of
my partner while the macula was destroyed by the genes of my mother. My perspective to life is the reason why you should
work even harder.
Krister Inde

*(Picture source: palestrina55: "View from Riddarholmen to Stadshuset". Url: http://www.flickr.com/photos/23072179@N00/4121382315/)

Tuesday, 24 August | Room: Oskar Klein Auditorium (FR4)
09:00-09:45
INVITED TALK

Evolutionary history of the human eye
Ronald H. H. Kröger
University of Lund, Faculty of Science, Sweden

09:45-10:30

RETINAL CONE FUNCTION
Chair: Zoran Popovic, University of Gothenburg (SE)

09:45

Colour vision hyperacuities
M. Ozolinsh1, I. Martín2, D. Lauva1, R. Kashtaljana1, 1University of Latvia, Dept. of Optometry and Vision Science (LV); 2Escuela Universitaria de Óptica, Universidad Complutense (ES)

10:00

Spectral characterization of the first and second Stiles-Crawford effects using tuneable liquid crystal filters
B. Vohnsen1, B. Lochocki1,2, D. Rativa1, 1Advanced Optical Imaging Group, School of Physics (IE); 2University of Applied Sciences H-DA (DE)

10:15

Single and multi mode characteristics of the foveal cones
D. Rativa , B. Vohnsen, Advanced Optical Imaging Group, School of Physics (IE)

10:30

Coffee break

11:00-11:30

Light-tissue interaction in the retina
Erez N. Ribak, Nizan Meitav, Amichai Labin
Department of Physics, Technion - Israel Institute of Technology (IL)

KEYNOTE TALK

*

11:30-13:00

ABERRATIONS AND VISION
Chair: Harilaos Ginis, University of Crete (GR)

11:30

Subjects are naturally adapted to their own optical aberrations
S. Marcos1, L. Sawides1, P. de Gracia1, C. Dorronsoro1, M. Webster2, 1Instituto de Óptica “Daza de Valdés”, CSIC (ES);
2Department of Psychology, University of Nevada (US)

11:45

About the change of the spherical aberration during accommodation
N. López-Gil, V. Fernández-Sánchez, Grupo de Ciencias de la Visión. Universidad de Murcia (ES)

13
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Tuesday, 24 August | Room: Oskar Klein Auditorium (FR4) (continued)
11:30-13:00

ABERRATIONS AND VISION (continued)
Chair: Harilaos Ginis, University of Crete (GR)

12:00

Binocular summation as a function of the induced spherical aberration studied with a binocular adaptive optics
visual simulator
C. Schwarz, E. J. Fernández, P. M. Prieto, P. Artal, Laboratorio de Óptica, Universidad de Murcia (ES)

12:15

Effect of spherical refractive error on Landolt ring acuity
M. Menozzi, ETH Zürich, Technology and Innovation Management (CH)

12:30

Unbiased estimation of refractive state of aberrated eyes
J. Martin, B. Vasudevan, N. Himebaugh, A. Bradley, L. Thibos, Indiana University, School of Optometry (US)

12:45

Objective refraction from aberrations: Rays (finite) versus wavefront (differential) geometry
R. Navarro, Consejo Superior de Investigaciones Científicas & Universidad de Zaragoza, ICMA (ES)

13:00

Lunch break

14:00-15:00

POSTER SESSION II
For an overview of the poster presentations please see page 15 to 17.

15:00-17:30

ADAPTIVE OPTICS AND RETINAL IMAGING
Chair: Susana Marcos, Spanish Council for Scientific Research (CSIC) (ES)

15:00

Performance aspects of a magnetic deformable mirror in adaptive optics
R. Blendowske, H. Kloess, FB Mathematik und Naturwissenschaften, Hochschule Darmstadt (DE)

15:15

Temporal response of the mirao52 deformable mirror evaluated using an adaptive optics SLO instrument
E. Odlund1,2, A. Meadway2, S. Tuohy2, N. Chateau1, A. Gh. Podoleanu2, 1Imagine Eyes (FR); 2Applied Optics Group, School
of Physical Sciences, University of Kent (UK)

15:30-16:00

In vivo two-photon imaging of macaque retina

KEYNOTE TALK

Room: Albanova main corridor

David R. Williams1, J. J. Hunter1, W. H. Merigan1, B. Masella1, A. Dubra1, R. Sharma1, L. Yin1, G. Palczewska2, K.
Palczewski2,3
1Center for Visual Science, University of Rochester (US); 2Polgenix, Inc. Cleveland (US); 3Department of Pharmacology, Case
Western Reserve University (US)

16:00

Coffee break

16:30-17:30

ADAPTIVE OPTICS AND RETINAL IMAGING (continued)
Chair: Susana Marcos, Spanish Council for Scientific Research (CSIC) (ES)

16:30

Cellular-resolution imaging in pathological retinas using the rtx1 adaptive optics retinal camera
L. Vabre1, K. Nakashima2, M. Pâques2, B. Lamory1, N. Chateau1, J. Sahel2, 1Imagine Eyes (FR); 2CIC 503, INSERM & QuinzeVingts National Eye Hospital (FR)

16:45

Non-invasive dual-conjugate adaptive optics imaging of retinal capillaries
Z. Popovic1, P. Knutsson1, J. Thaung1, M. Owner-Petersen2, 1University of Gothenburg, Department of Ophthalmology (SE);
2Lund University, Telescope Group (SE)

17:00

Retinal fundus imaging with polarization and effects of aging
J. M. Bueno1, C. J. Cookson2, M. L. Kisilak2, J. Hunter2, M. C. W. Campbell2, 1Laboratorio de Óptica, Universidad de Murcia
(ES); 2Dept. of Physics and Astronomy, University of Waterloo (CA)

17:15-18:15

DISCUSSION
Measuring refractive state and optical quality of the eye across the visual field
Moderator: Larry N. Thibos, Indiana University (US)

18:15

FAREWELL
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Poster Session I: Sunday, 22 August, 14:00 - 15:00 | Poster Session II: Tuesday, 24 August,14:00 - 15:00
EMVPO 2010_2933_001

Profiles of interval bounds around the coordinates of astigmatic powers
H. Abelman, S. Abelman, University of the Witwatersrand, Johannesburg, School of Computational and Applied Mathematics (ZA).

EMVPO 2010_2994_002

An opto-mechanical model of the accommodating and aging human eye
S. Riehemann1, M. Palme1, T. Peschel1, K. Kunert2, G. Notni1, M. Blum2, 1Fraunhofer IOF (DE); 2Department of
Ophthalmology, Helios Hospital (DE)

EMVPO 2010_3021_003

A parametric human lens model based on geometrical constraints
S. Giovanzana, G. Savio, R. Meneghello, G. Concheri, University of Padova, D.A.U.R. (IT)

EMVPO 2010_3028_004

Influence of the anterio-posterior head movement on the dynamic measurement of intraocular pressure
M. A. Kowalska, H. Kasprzak, Wroclaw University of Technology, Visual Optics Group, Wroclaw (PL)

EMVPO 2010_3029_005

Importance of spherical and chromatic aberration on the accommodative response
A. Lindskoog Pettersson1, M. Wahlberg1, R. Rosén2, R. Brautaset1, 1Karolinska Institutet, Department of Clinical
Neuroscience, Unit of optometry (SE), 2Biomedical and X-ray Physics, Department of Physics, Royal Institute of
Technology (SE)

EMVPO 2010_3033_006

A non-stationary model for simulating the dynamics of ocular aberrations
C. Leahy, C. Dainty, NUI Galway, School of Physics (IE)

EMVPO 2010_3039_007

The lowering of efficiency of visual system in course of diabetes mellitus type I
R. Szuba, P. Tomczak, Adam Mickiewicz University, Faculty of Physics, Laboratory of Vision Science and Optometry (PL)

EMVPO 2010_3040_008

Robustness of the crystalline lens GRIN profile in a schematic eye model
J. A. Díaz1, N. Blazejewski1, J. Fernández–Dorado2, J. Arasa3, F. Sorroche1, C. Pizarro3, 1Departamento de
Óptica, Universidad de Granada (ES), 2SnellOptics (ES), 3Center for Sensors, Instrumentation and Systems
Development (CD6), Universitat Politècnica de Cataluña (ES)

EMVPO 2010_3060_009

Performance of multifocal intraocular lenses in the artificial eye model – Preliminary results
A. Jóźwik, D. Siedlecki, M. Zając, Wroclaw University of Technology, Institute of Physics (PL)

EMVPO 2010_3069_010

Fs-Laser presbyopia treatment in minipigs - one year follow-up results
R. Kammel1, R. Ackermann1, S. Buehren1, K. Kunert2, S. Bischoff3, H. Schubert3, O. Pullig4, M. Blum2, S. Nolte1,
1Friedrich-Schiller-Universitaet Jena, Institut fuer Angewandte Physik (DE), 2Klinik fuer Augenheilkunde, Lehrkrankenhaus der Friedrich-Schiller-Universitaet Jena, Helios-Klinikum Erfurt GmbH (DE), 3Friedrich-SchillerUniversitaet Jena, Institut fuer Versuchstierkunde und Tierschutz (DE), 4Waldkrankenhaus Rudolf-Elle GmbH,
Lehrstuhl fuer Orthopaedie der Friedrich-Schiller-Universitaet Jena (DE)

EMVPO 2010_3071_011

Tracking of fixational eye micromovements through pupil image segmentation
A. B. Roig, J. Espinosa, J. Perez, D. Mas, C. Illueca, University of Alicante. Instituto de Física Aplicada a las
Ciencias y Tecnologías (ES)

EMVPO 2010_3072_012

Naso-temporal asymmetry of peripheral static and dynamic visual acuity
P. R. Lewis1, R. Rosén2, S. Carius1, J. Gustafsson1, 1School of Optometry, Linnæus University (SE), 2Biomedical &
X-Ray Physics, KTH, Royal Institute of Technology (SE)

EMVPO 2010_3075_013

Application of statistical contrasts to mean refractive state
S. Abelman, H. Abelman, School of Computational and Applied Mathematics, University of the Witwatersrand, Johannesburg (ZA)

EMVPO 2010_3077_014

Simulation of aberrations of an optical system of the human eye
I. H. Chyzh, T. O. Shysha, National Technical University of Ukraine 'Kyiv Polytechnic Institute', Department of
Optical and Optoelectronic Instruments (UA)
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Poster Session I: Sunday, 22 August, 14:00 - 15:00 | Poster Session II: Tuesday, 24 August,14:00 - 15:00
EMVPO 2010_3078_015

Clinical reference of the objective performance of emmetropic eyes
E. Tepichín1, E. López-Olazagasti1, M. A. Rosales2, A. S. Cruz-Félix1, L. Morales-Téllez2, 1Instituto Nacional de
Astrofísica, Óptica y Electrónica (MX), 2Universidad de las Américas Puebla, Departamento de Física y
Matemáticas (MX)

EMVPO 2010_3079_016

Astigmatism and pseudoaccommodation in pseudophakic eyes
P. M.. Serra, M. J. Cox, C. M. Chisholm, University of Bradford, Bradford School of Optometry and Vision
Science (UK)

EMVPO 2010_3080_017

New designs of refractive multifocal intraocular lenses. Optical quality assesment
L. Remón1, J. A. Monsoriu1, C. Casanova2, W. D. Furlan2, 1Centro de Tecnologías Físicas, Univ. Politécnica de
Valencia (ES), 2Departamento de Óptica, Universidad de Valencia (ES)

EMVPO 2010_3082_018

The algorithm of the wave aberration function recovery from images of pupil isodiopter zones
I.. H. Chyzh, N. B. Afonchyna, T. M. Yakimenko, National Technical University of Ukraine 'Kyiv Polytechnic Institute' Optical and optoelectronic devices department (UA)

EMVPO 2010_3086_019

A new method for tracking the accommodation and the 3D position of the eye
P. P. Monticone, M. Menozzi, Technology and Innovation Management, ETH Zurich (CH)

EMVPO 2010_3088_020

Modelling changes to optical properties of the eye in patients after the LASIK surgery
E. A. Szul-Pietrzak1, A. Hachoł1, E. Pelczar2 ,
1Wroclaw University of Technology, Group of Biomeasurements and Biomedical Signals Analysis (PL), 2Eye
Laser Centre (PL)

EMVPO 2010_3130_021

Influence of age on peripheral aberration
K. Baskaran, B. Theagarayan, S. Carius, J. Gustafsson, School of Optometry, Linnaeus University (SE)

EMVPO 2010_3136_022

Numerical analysis of IOL position sensitivity against refraction errors
H. Guo, A. Goncharov, C. Dainty, Applied Optics Group, School of Physics, National University of Ireland (IE)

EMVPO 2010_3138_024

Simulating retinal vascular disorders by imposing different types of higher-order aberrations on retinal images
V. Karitans1, M. Ozolinsh1,2, 1Institute of Solid State Physics, University of Latvia (LV), 2Department of Optometry and Vision Science, University of Latvia (LV)

EMVPO 2010_3139_025

Eye movements in myopes and non-myopes for near vision tasks
A. Hartwig, E. Gowen, W. N. Charman, H. Radhakrishnan, Faculty of Life Sciences, Moffat Building, University
of Manchester (UK)

EMVPO 2010_3142_026

Comparative study of optical quality and intraocular scattering parameters between healthy young and
adult population
J. Martínez-Roda1, J. C. Ondategui-Parra1, M. Vilaseca2, J. Pujol2, 1Technical University of Catalonia, University Vision Centre (ES), 2Technical University of Catalonia, Centre for Sensors, Instruments and Systems Development (ES)

EMVPO 2010_3150_027

Comparison of accommodative response measurements with double pass and Hartmann Shack techniques.
M. Aldaba, M. Arjona, M. Vilaseca, J. Antó, J. Pujol, Universitat Politècnica de Catalunya (ES)
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Poster Session I: Sunday, 22 August, 14:00 - 15:00 | Poster Session II: Tuesday, 24 August,14:00 - 15:00
EMVPO 2010_3152_028

The effect of glare on binocular vision
S. Glimne1, R. L Brautaset1, J. Ygge2, G. Öquist-Seimyr2, 1Karolinska Institute, Dept of Clinical Neuroscience,
Unit of Optometry (SE), 2Karolinska Institute, Dept of Clinical Neuroscience, Unit of Ophthalmology and Vision,
S:t Eriks Eye Hospital (SE)

EMVPO 2010_3159_030

Pre- and post-operative quantitative 3-D OCT imaging of keratoconic eyes implanted with intracorneal ring
segments
P. Perez-Merino1, S. Ortiz1, N. Alejandre2, E. Gambra1, I. Jimenez-Alfaro2, S. Marcos1, 1Instituto de Óptica
“Daza de Valdés”, CSIC (ES), 2Fundación Jimenez Diaz (ES)

EMVPO 2010_3160_031

Adaptive optics for probe beam shaping
A.J. Lambert1, E.M .Daly2, J.C. Dainty2, 1School of Engineering and IT, UNSW@ADFA (AU), 2Applied Optics,
National University of Ireland – Galway (IE)

EMVPO 2010_3168_032

Correction of the eye‟s aberrations with adaptive optics and pupil tracking
B. Sahin 1,2, F. Harms1, B. Lamory1, X. Levecq1, R. Gillet1, S. Berthier1, L. Vabre1, C. Dainty2, 1Imagine Eyes
(FR), 2Applied Optics Group, National University of Ireland Galway (NUIG) (IE)

EMVPO 2010_3172_033

Axicons for presbyopia: depth of field experimental results
Ares1, S. Bará2, R. Flores2, Z. Jaroszewicz3,4, 1Universidad de Zaragoza, Applied Physics Dept., Optics Area
(ES), 2Universidade de Santiago de Compostela, Applied Physics Dept, Optics Area (ES), 3Institute of Applied
Optics (PL), 4National Institute of Telecommunications (PL)

EMVPO 2010_3173_034

Seidel against Zernike refraction: Who wins the battle?
V. Fernández-Sánchez1, H. Ginis2, A. Pallikaris2, N. López-Gil1, 1Grupo de Ciencias de la Visión. Universidad
de Murcia (ES), 2Institute of Vision and Optics, University of Crete (GR)

EMVPO 2010_3174_035

Wavefront map analysis of progressive power ophthalmic lenses
E. Philippaki, A. Pallikaris, A. Papadiamantis, S. Plainis, Institute of Vision & Optics (IVO), School of Health
Sciences, University of Crete (GR)

EMVPO 2010_3178_036

Lens astigmatism and its relationship with lens structure for species with Y-suture branches
A. Gargallo, J. Arines, E. Acosta, Universidade de Santiago de Compostela, Departamento de Física Aplicada, Facultad de Física (ES)

EMVPO 2010_3177_037

Symmetries in peripheral ocular aberrations
L. Lundström1, R. Rosén1, K. Baskaran2, B. Jaeken3, P. Artal3, P. Unsbo1, 1Royal Institute of Technology, Dept. of
Applied Physics (SE); 2Linnaeus University, School of Optometry (SE); 3University of Murcia, Dept. of Physics
(ES)

NOTES
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Sunday, 22 August | Room: Oscar Klein Auditorium (FR4)

INVITED TALK
09:45 - 10:30

EYE MODELS AND MODEL EYES
Sverker Norrby
AMO Groningen BV, Van Swietenlaan 5, 9728 NX Groningen, Netherlands
e-mail: sverker.norrby@amo-inc.com
The primary purpose of eye models is to understand how the eye works as an optical entity. Gullstrand‟s eye model (1909) is
the archetype, though eye models were described long before. It was formulated on very limited experimental data. Though
asphericity of the cornea and gradient index of the crystalline lens were known features to him, they were not explicitly incorporated.
Le Grand‟s eye model (1980) is based on considerably more experimental data and also introduced chromatic dispersion of
the ocular media. The arguably most complete eye model is due to Liou & Brennan (1997) and features a gradient index lens,
a nasally displaced pupil and an off-axis fovea. Dubbelman conducted extensive measurements of the anterior segment of the
eye using Scheimpflug imaging. Norrby (2000) took those results to describe the Dubbelman eye model as a function of age
and accommodation.
Though much research has been done and is ongoing there is still controversy. A gradient index is generally assumed throughout the lens, but there is experimental evidence that there is no gradient in the nucleus. The anterior surface of the cornea is
often assumed to be a prolate conicoid with Q = -0.26 as found by Kiely et al. (1982), but more recent studies find and average close to 0, i.e. a sphere. Many other aspects need further elucidation.
The most frequent use of eye models is intraocular lens (IOL) power calculation. In current practice a thin lens model is assumed
and the effective lens position (ELP) of the IOL must be estimated. The estimation is done with the help of constant(s) assigned
to the IOL models. ELP is not the true IOL position; it is the value that gives the desired result – on average. For normal eyes it
works well, but for odd eyes, and in particular those that have had corneal refractive surgery, the whole approach breaks
down.
Eye models are increasingly used in the design of new types of IOL, in particular those intended to reduce pseudo-phakic eye
aberration. Model eyes are physical realizations of eye models. One with an aberration free cornea was introduced in the
ISO standard for IOL for the purpose of verifying their optical performance. For aberration correcting IOL this model is no
longer adequate and work is under way to introduce a model eye having the corneal aberration of the average human eye.
Such models have already been developed by manufacturers and are used to verify the performance of new IOL designs.
There is in general good agreement between calculated and measured performance.

NOTES
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Sunday, 22 August | Room: Oscar Klein Auditorium (FR4)

Session EYE MODELS AND IOL DESIGN
Chair: Neil Charman, University of Manchester (UK)

11:00
REFRACTIVE INDEX AND ACCOMMODATION: WHAT MAY
CAUSE VARIATIONS IN FUNCTION
B. K. Pierscionek, J. Keenan, D. Orr
University of Ulster, School of Biomedical Sciences, Cromore
Road, Coleraine, BT52 1SA, United Kingdom
e-mail: b.pierscionek@ulster.ac.uk
Summary
The functional properties of the lens: its optical power and the
extent to which it can change this power depend, amongst
other factors, on the material parameters. The form of the
refractive index and the extent to which a lens can alter its
shape must be linked to structure and the structure/function
link needs further consideration.
Introduction
The eye lenses of species measured to date have a gradient
of refractive index that increases from the periphery and
peaks in the inner layers [1]. The position of this maximum
varies with species rather than with age resulting in gradient
shapes to which different functions can be fitted. Thus far
primate lenses have shown the greatest variation from a
parabolic form. The shape and magnitude of the refractive
index gradient is dependent on structural/material factors
that may be better understood on an evolutionary basis.
Discussion
The eye lens is a gradient index structure with an index that
varies both along and perpendicular to the optic axis. This is
in part related to the growth mode but a gradient of index
that alters incrementally from cell to cell adhering strictly to
the pattern of growth would yield a structure with concentric
contours of refractive index. This does not apply in all species
and indeed a lower index gradient in the equatorial regions
may be better for eyes that require an accommodating lens.
The variations in refractive index forms in nature will be discussed in relation and with comparison to underlying structural
differences and with reference to visual demands of the respective species.

11:15
CUSTOMIZED EYE MODELING AS A TOOL FOR IOL POWER
CALCULATIONS
C. Canovas1,2 and P. Artal1
1 Universidad de Murcia, Laboratorio de Optica, Murcia,
0071, Spain;
2 AMO Groningen BV, Groningen, 9728 NX, Netherlands
e-mail: carmen.canovas@amo.abbott.com
Summary
Current IOL power calculations based on simple optics and
empirical information provide in same cases relatively large
errors. The robustness and limitations of customized eye modeling is evaluated for different types of eyes.
Introduction
Nowadays there are multiple approaches to calculate the IOL
power in cataract surgery based on some eye‟s parameters
and different possible formula (1). Almost all of them are
empirical calculations that predict similar results since are by
definition accurate on average. The differences arise when
the eye parameters are not within the normal range, like in
myopic or hyperopic eyes, or there was a modification in the
eye prior to the surgery, as in post-Lasik eyes. In this scenario,
the goal of new improved procedures would be that its accuracy doesn‟t depend on the particular characteristics of the
each eye, and only on the accuracy of the measurements used
for the calculations. This could be achieved by modeling individually each eye by means of raytracing.
We have developed a customized polychromatic ray-tracing
procedure, where the both eye‟s geometrical parameters
(corneal topography, anterior chamber depth and axial
length) and IOL description (geometry and optical properties)
are introduced as inputs. Retinal image quality parameters at
4mm pupil are calculated as a function of a series of plausible IOL powers. Optimum power is then determined as the
one maximizing retinal image quality. The procedure was
applied to determine the IOL for 18 normal and 9 post-LASIK
patients.
Discussion
The impact of experimental measuring errors and corneal
aberrations in the IOL power predictions was evaluated. In
normal eyes, the accuracy using ray-tracing was similar to
that obtained with standard calculations. In post-Lasik eyes
the accuracy of the IOL power predictions using ray-tracing
was higher than with existing methods. The degree of improvement was correlated with the amount of corneal aberrations, in particular with spherical aberration.

Conclusions
The refractive index distribution of the eye lens is related to
its structural organization. The latter also imparts mechanical
properties that determine how flexible the lens is and the
extent to which it can accommodate. Learning from the structure/function relationships in the living lens will provide valuable insights into changes with age and may assist in improving lens models and current designs for intraocular implant
lenses.

Conclusions
Customized eye modeling based in ray-tracing techniques is
a robust procedure for calculating IOL power although the
accuracy remains limited by the precision of the measured
inputs.

Reference
[1] B.K. Pierscionek, Gradient index optics in the eye, in
Handbook of Optics, vol III Vision and Vision Optics, ed, M.
Bass, McGraw-Hill, New York, London, 2009.

Reference
[1] H. J. Shammas, Intraocular Lens Power Calculations, (Slack,
Thorofare, 2004).
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Session EYE MODELS AND IOL DESIGN
Chair: Neil Charman, University of Manchester (UK)

11:30
APLANATIC INTRAOCULAR LENS DESIGN
S. Barbero1, S. Marcos1, J. Montejo1, C. Dorronsoro1,
J. L. Rojas2
1 Instituto de Óptica (CSIC), Madrid, Serrano 121, 28006,
Spain;
2 AJL Ophthalmics SA, Miñano, Parque Tecnológico de Álava,
Spain;
e-mail: sergio.barbero@io.cfmac.csic.es

11:45
PERFORMANCE OF A DUAL-OPTICS INTRAOCULAR LENS IN
A SIMULATED PSEUDOPHAKIC EYE
M. Sheehan, A. V. Goncharov, and C. Dainty
Applied Optics Group, School of Physics, National University
of Ireland, Galway, Ireland
e-mail: alexander.goncharov@nuigalway.ie
Summary
We have analyzed various designs for dual-optics intraocular
lenses (IOLs) using ray-tracing software. These designs have
been optimized for balanced optical correction across the
central visual field. In contrast to a single IOL design the additional degrees of freedom offer improvements in optical
performance.

Summary
A new and complete methodology of monofocal intraocular lens
(IOL) design is presented aiming at an aplanatic design, i.e. IOLs
with a uniform and optimized optical quality in a wide field of
view (typically in a range of 10 degrees), considering a set of
dimension constraints.

Introduction
Currently there is increased interest in more efficient IOL designs as cataract surgery becomes more proficient at providing optimised refractive outcomes. Novel design features include: aspheric surfaces and gradient index structure [1], optimized shape factor of lOLs [2], chromatic aberration correction using diffractive surfaces, and accommodative ability.
One possibility to be explored is dual-optics IOL designs, not
only for providing some accommodative ability, but also for
achieving enhanced correction of ocular aberrations across
the visual field. In particular, subjects with impaired central
vision might require special correction at the periphery of the
field.
In this study, we consider IOLs consisting of two individual
lenses with positive and negative optical powers as shown in
the figure below.

Introduction
Aspheric intraocular lens designs are typically used to minimize
optical aberrations on-axis1. However the human eye does not
have a well-defined optical axis. In addition, the optical quality
of the young phakic eye2 shows a relative constant optical quality over the central visual field. Aplanatic IOLs should therefore
outperform those designs considering only on-axis aberrations.
Optical and biomechanical constraints must also be included in
the design methodology.
Discussion
The design methodology is based on three sequential steps: 1)
Definition of an aphakic eye model. 2) Configuration of a merit
function. 3) Optimization of the merit function. The IOL surfaces
are described by aspheric equations (conic constant plus four
aspheric coefficients). The aphakic eye model is rotationally symmetric and composed of a curved retina described by a conic
surface3 and a multilayer cornea model4. The axial length of the
eye model is matched to cancel the defocus for each IOL power.
The merit function is formed by a set of operands with different
weights. The quality metric is formed by 5 operands characterizing the optical performance simultaneously at five field of view
angles (0º, 2.5º, 5º, 7.5º & 10º). The optical performance is
evaluated using ray tracing computations, hence using a geometrical metric (RMS). The constraints are described by eight operands: minimum and maximum of the central and optical edge
thickness, minimum and maximum of the conic constants, maximum
value of the IOL vault and the IOL power. The merit function is
optimized applying sequential optimization (local and global)
procedures. As an example, we designed a new 22 D aplanatic
IOL using poly-HEMA material and typical dimension constraints.
A comparison of the estimated optical performance on a model
eye of the new IOL with state-of-the-art 22 D aspheric commercial IOLs, of known designs, shows improved optical quality by
54% on average, over the central10 deg of visual field.

Discussion
Dual optics IOL designs have been
previously proposed (and manufactured), mainly for the potential benefit
of restoring accommodation. Compared to traditional single element
IOLs, two-element designs offer more
optical parameters that help to
achieve better correction of field aberrations. In constructing a model eye to
explore these possibilities we used the wide-field eye model
[3], where the crystalline lens was replaced by the IOL.
Conclusion
The simulated models show the potential advantages in improved optical performance over the central visual field offered by dual optics IOL designs.
Acknowledgement
Funding support from Enterprise Ireland International Research Fund (IR-2008-0014) and Science Foundation of Ireland (07/IN.1/1906).

Conclusions
The new methodology allows designing aplanatic IOLs given an
IOL platform, defined by its material, geometrical and biomechanical constraints. The estimated optical performance of eyes
implanted with the new IOLs exceeds significantly that of other
aspheric IOLs over the central 10 deg. Our methodology also
provides a way of designing customized IOLs considering individual pre-operative biometry.
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12:00
SIMULATION OF VISUAL PERFORMANCE FOR BIFOCAL INTRAOCULAR LENSES IN COMPARISON TO CONVENTIONAL
MONOFOCAL LENSES
B. Boehme1, M. Gerlach2, W. Fiala3
1 Carl Zeiss AG, 07743 Jena, Germany;
2 Acri.Tec GmbH Henningsdorf, Neuendorfstr 20a, 16761
Henningsdorf, Germany;
3 Department of Ophthalmology and Optometry,
Medical University Vienna, Austria
e-mail: be.boehme@zeiss.de

12:15
VISUAL EVALUATION OF DIFFERENT CORNEAL MODELS FOR
THE CORRECTION OF PRESBYOPIA WITH LASER ABLATION
A. Alarcon, R.G. Anera, J.R. Jimenez, L. Jimenez del Barco
Laboratory of Vision Sciences and Applications, Departamento de Óptica, Universidad de Granada, Granada,
18071, Spain
e-mail: aixaalarcon@ugr.es
Summary
In this work, optical ray tracing is used to study different corneal geometries (aspheric and multifocal corneas) designed
to correct presbyopia by corneal photoablation. It is shown
why the multifocal corneal ablation provides better optical
quality.

Summary
Bi- or multifocal intraocular lenses (IOLs) are rated in respect
to diffraction efficiency, MTF, or in clinical studies by subjective contrast sensitivity and visual acuity at a set of object
distances. Here mono- and and bifocal IOLs are compared
by the simulation of these images, what gives a possibility for
a comparison between these ratings.
Content
First concepts for bi- or multifocal lenses were given by Fedorov [1], who suggested to divide the pupil into regions with
different focal lengths. Other authors discuss diffractive
lenses, further approaches may use spherical aberration to
allocate light along a variety of distances. These concepts aim
to compensate the lack of accommodation after IOLimplantation, but are in competition to monofocal IOLs with
varifocal glasses.
The performance of different IOL-types is evaluated in clinical studies by measurement of visual acuity or contrast sensitivity, which also incorporates retinal and cortical image processing [2]. Other authors compare the diffraction efficiency or
MTF calculated with Zemax or other optic design tools [3].
In this article the IOL-lenses are compared by the simulation
of retinal images for different object distances basing on
Fourier theory [4], which describes imaging as a convolution
Ii(x,y,z) = Io(x,y,z) * H(x,y,z)
between object intensity Io(x,y,z) and incoherent transfer
function H(x,y,z).
In this way a subjective rating and discussion of the synthetic
imaging and the depth of field or bifocality is possible. By
abstraction from individual lens designs a transfer function of
the complete eye including the IOL can be constructed and a
best case estimation is possible. In addition the cortical processing can be discussed.

Introduction
LASIK refractive surgery is becoming steadily more widely
used to create corneal surfaces that increase the depth of
focus, relieving the near-vision spectacle dependence in presbyopic patients [1,2]. The objective of this work is to compare
the visual quality provided by two corneal surfaces designed
to correct presbyopia: one aspherical (hyperprolate) and
another multifocal corneal with a central near zone. The
analysis was made using the Liou-Brennan eye model [3] and
ray tracing with the commercial optical-design software ZEMAX.
Discussion
To assess the optical quality of the system, we calculated the
Modulation Transfer Function and the RMS of the spot diameter for near vision (40 cm) and far vision (6 m). In the case of
multifocal corneas, we evaluated the optical quality for different sizes of the central near zone and transition zone.
Our results show that the use of multifocal corneas with central
near zone notably improves the total optical quality both in
near as well as far vision. In addition, the optical quality of
the system worsens considerably as the transition zone increases in size. Both in multifocal corneas as well as in hyperprolate ones, the centring of the ablation and the pupil size
strongly affect the optical quality of the system, this effect
being greater in the case of multifocal corneas.
Conclusions
The multifocal cornea with central near zone is an effective
alternative to provide the presbyopic subject good optical
quality both in near as well as in far vision.
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THOMAS YOUNG‟S CONTRIBUTIONS TO PHYSIOLOGICAL OPTICS
David A. Atchison1, W.N. Charman2
1 Queensland University of Technology, Institute of Health and Biomedical Innovation, Kelvin Grove, 4059, Australia
2 University of Manchester, Faculty of Life Sciences, Manchester, M60 1QD, United Kingdom
e-mail: d.atchison@qut.edu.au
Summary
The majority of Thomas Young‟s work in visual optics was published in a single paper in 1801. This is well known for its experiments on the origin of accommodation, the discovery of ocular astigmatism and for his optometer. In the present paper these
and lesser-known contributions, such as biometric parameters and peripheral refraction, are considered in relation to current
views on these topics.
Introduction
The Englishman Thomas Young (1773-1829) carried out pioneering work in many fields, including the nature of light and
sound, vision and hearing, mechanics, hydrodynamics, linguistics and physiology. He is well known for his demonstration of the
wave nature of light[1], his contribution to the decipherment of Egyptian hieroglyphics, his explanation of the focusing mechanism of the eye[2], the trichromatic theory of colour vision[3], the elasticity of bodies (Young‟s modulus) and capillary action.
Young gave the Bakerian Lecture of the Royal Society on “The mechanism of the eye” in 1800: this was published in 1801[2].
Young used his own design of optometer to measure refraction and accommodation, and discovered his own astigmatism. He
considered the possible origins of accommodation and confirmed that it was due to changing shape of the lens rather than to
change in shape of the cornea or an increase in axial length. The paper also dealt with many other aspects of visual and ophthalmic optics, such as biometric parameters, peripheral refraction, longitudinal chromatic aberration, depth-of-focus and instrument myopia. These aspects of the paper have previously received little attention. We give detailed consideration to these
and other less-familiar features of Young‟s work and conclude that his studies remain relevant to many of the topics which currently engage visual scientists.
References
[1] T. Young, Phil Transactions Royal Soc London, 94, 1-16, 1804.
[2] T. Young, Phil Transactions Royal Soc London, 91, 23-88 + plates, 1801.
[3] T. Young, Phil Transactions Royal Soc London, 92, 12-48, 1802.
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15:15
ESTIMATION OF THE CONTRIBUTION OF THE GRADIENT INDEX
STRUCTURE TO THE POSTERIOR SURFACE OPTICAL DISTORTION IN EXCISED HUMAN CRYSTALLINE LENSES IMAGED BY
OPTICAL COHERENCE TOMOGRAPHY
D. Siedlecki1,2, A. de Castro2, S. Ortiz2, D. Borja3, S. Uhlhorn3, F.
Manns3,4, S. Marcos2
1 Wroclaw University of Technology, Wroclaw, 50-370, Poland;
2 Instituto de Óptica “Daza de Valdés”, CSIC, Madrid, 28006
Spain;
3 University of Miami, Bascom Palmer Eye Institute, Miami (FL),
33136, USA;
4 University of Miami, College of Engineering, Coral Gables (FL),
33146, USA;
e-mail: damian.siedlecki@pwr.wroc.pl

15:00
WHOLE EYE IMAGING OF SMALL ANIMALS WITH SPECTRAL
DOMAIN OPTICAL COHERENCE TOMOGRAPHY
M. Ruggeri, S. Uhlhorn, F. Manns, J.-M. Parel, V. Porciatti
Ophthalmic Biophysics Center, Bascom Palmer Eye Institute,
University of Miami Miller School of Medicine and Biomedical
Optics Laboratory, Department of Biomedical Engineering,
College of Engineering, University of Miami, Coral Gables,
USA;
e-mail: mruggeri@med.miami.edu
Summary
A SD-OCT system was built to obtain 3D images of the whole
mouse and rat eye. We developed a semi-automated segmentation method to detect the boundaries of the main ocular
structures. Image distortions due to refraction of the OCT
beam at the successive boundaries were corrected using a
ray-tracing algorithm.

Summary
We study the influence of gradient index (GRIN) of the human
lens in the distortion of the posterior lens surface in OCT imaging
by applying different correction methods.

Introduction
In vivo biometry of the whole eye is essential in studying the
development of mouse models, particularly models of emmetropization, myopia and glaucoma. Optical Coherence
Tomography (OCT) offers the opportunity to extract ocular
dimensions in vivo. Whole eye imaging of the mouse using
Time Domain OCT has been previously demonstrated1. The
main problem in imaging the whole mouse and rat eye using
Spectral Domain OCT is that a long imaging depth is needed
(~ 10mm in air).
Discussion
We developed a
SD-OCT system with
10mm axial range
that allows 3D imaging of the whole
small animal eye in
short time (Fig.1).
The configuration of
the OCT system is
similar to one reported before for
imaging the human
eye2 but with extended depth. We developed a semiautomated segmentation method to detect the boundaries of
the ocular structures together with a ray-tracing algorithm to
correct image distortions.
Conclusions
The study demonstrates that SD-OCT provides the capability
to quantify the dimensions of the whole eye of small animal
models of ocular development in 3D.
References
[1] Ruggeri M, Kocaoglu O, Uhlhorn S, Borja S, Urs R, Chou T,
Porciatti V, Parel J-M, and Manns F. Small animal ocular
biometry using optical coherence tomography Proc. SPIE
7550, 755016 (2010).
[2] Grulkowski I, Gora M, Szkulmowski M, Gorczynska I,
Szlag D, Marcos s, Kowalczyk A and Wojtkowski M. Anterior segment imaging with Spectral OCT system using a
high-speed CMOS camera. Opt. Express 17, 4842-4858
(2009).

Introduction
Raw OCT images of the anterior segment of the eye are not
quantitative due to distortions, in particular optical distortion
which results from the measurement of the optical (not geometrical) path inside an optical medium. Efforts have been made into
the development of correction techniques of OCT images [1]. In
the case of crystalline lenses, corrections of its images are limited
by the presence of a gradient refractive index (GRIN) [2]. The
goal of this study is to estimate the influence of the GRIN distribution on the amount of posterior surface optical distortion in
excised crystalline lenses imaged by OCT. In this study a 6-year
old human lens was enucleated and placed in a chamber filled
with preservation medium. The lens was first placed with its anterior surface up, imaged by OCT, and then flipped over so that
both anterior and posterior surfaces of the lens and their relevant distortions can be measured. Images were collected at Bascom Palmer Eye Institute (Miami) using a custom-developed timedomain OCT system. The posterior surface was reconstructed
using different types of corrections: 1) usual division by the value
of homogenous refractive index, 2) refraction correction with use
of homogenous refractive index, and 3) refraction correction by
the surface and GRIN using a Goncharov balanced GRIN model.
The parameters for the GRIN model were found in another study
using genetic-algorithm-based GRIN reconstruction methods.
Discussion
The accuracy of the correction of the posterior surface was
evaluated by comparison between the corrected surface and the
surface measured directly. The comparison was performed in
terms of the root mean square of the differences between both.
Estimated errors are: 14 μm (simple division method); 16 μm
(refraction correction with a homogeneous index); 6 μm
(refraction correction with GRIN).
Conclusions
GRIN plays a significant role in the distortion of the posterior
surface of the crystalline lens as viewed by OCT, and its knowledge improves the correction of the surface distortion. Such distortion could be used to reconstruct the crystalline lens GRIN.
References
[1] Ortiz S., et al., Optics Express, 18, 2782, 2010.
[2] Uhlhorn S.R., et al., Vision Research, 48, 2732, 2008.
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15:30
QUANTITATIVE THREE-DIMENSIONAL ANTERIOR SEGMENT IMAGING OPTICAL COHERENCE TOMOGRAPHY: DEVELOPMENTS
AND APPLICATIONS
S. Ortiz1, P. Perez-Merino1, E. Gambra1, S. Kling1, A. de Castro1,
D. Pascual1, I. Grulkwoski2, M. Gora2, M. Wojtkowski2 and S.
Marcos1
1 Instituto de Óptica “Daza de Valdés”, CSIC, 28006,Madrid,
Spain;
2 Insitute of Physics, Nicolaus Copernicus University, ul.
Grudziądzka 5, 87-100 Toruń, Poland;
e-mail: sortiz@io.cfmac.csic.es
Summary
We present a methodology for accurate quantification of OCT
images, allowing quantitative 3-D imaging and accurate structural description of the anterior segment of the eye. Applications
are presented in the areas of accommodation, corneal biomechanics, crystalline lens structure and corneal treatment evaluations.
Introduction
Anterior segment Spectral OCT [1] allows rapid acquisition of
three-dimensional images with a higher resolution than other
ophthalmologic devices. However, accurate tomographic reconstruction of the surfaces requires consideration of several factors
to allow a quantitative analysis: First, due to the low reflectivity
of the ocular surfaces the signal to noise ratio of the retrieved
cross sections is relatively poor, requiring a very sensitive 3D
surface segmentation, Second, the device must be calibrated for
converting the angular units of the cross sections into spatial units,
as well as, for compensating the differences in path introduced
by the geometrical aberrations of the measurement system (fan
distortion)[2]. Third, the refraction must be corrected in order to
retrieve the geometrical aspects of the surfaces that are imaged
through a medium different of the vacuum (optical distortion)[3].
We have developed procedures and custom algorithms for
quantitative OCT imaging, which include denoising, segmentation,
fan distortion and optical distortion correction. Additional features have also been developed for the specific applications,
which range from in vitro and in vivo corneal, iris and crystalline
lens imaging. The procedures have been applied in the following
applications: in vivo accommodating lens imaging, corneal topography in keratoconic eyes implanted with intrastromal rings,
in vitro corneal deformation in eye inflation models, and in vitro
lens GRIN estimation.
Discussion
Computer simulations and measurements on physical eye models
of known surfaces show an improvement of the accuracy of OCT
to retrieve ocular surfaces by 8% on average, after application
of the distortion correction algorithms. Examples of quantitative
data obtained in various applications include: anterior lens curvature radius change from 12.5 to.8.5 mm in response to an
accommodative demand from 0 to 6 D, or an increase of anterior corneal curvature by 0.13 mm and a decrease of corneal
thickness by 12 μm to a 40 mmHg intraocular pressure increase
in a porcine eye inflation experiment.
Conclusions
OCT provided with processing and correction algorithms can be
used as an accurate topographer of the anterior segment surfaces. The quantitative geometrical information can be used in
the studies of basic ocular mechanisms, for early diagnosis of
pathology or for the evaluation of some surgical procedures.

15:45
THREE-DIMENSIONAL RECONSTRUCTION OF THE GRADIENT
REFRACTIVE INDEX OF THE CRYSTALLINE LENS IN VITRO FROM
OCT IMAGES
A. de Castro1, S. Ortiz1, E. Gambra1, D. Siedlecki1,2,
S. Marcos1
1 Instituto de Óptica “Daza de Valdés”, CSIC, Madrid, 28006
Spain;
2 Wroclaw University of Technology, Wroclaw, 50-370, Poland;
e-mail: alberto@io.cfmac.csic.es
Summary
A method to reconstruct the gradient refractive index (GRIN) of
the crystalline lens in vitro using ray tracing and shape information from OCT imaging is presented. The method is experimentally evaluated on a porcine crystalline lens, imaged with high
speed spectral optical coherence tomography (sOCT) in two
orientations.
Introduction
The proposed method retrieves the crystalline lens GRIN from
optical path difference (OPD) data, obtained from OCT images,
using optimization methods. The GRIN reconstruction method relies on the acquisition of pairs of OCT images of a crystalline
lens, with the anterior lens surface up and the posterior lens surface up respectively. The posterior surface is distorted by the
refraction on the first surface and the GRIN, and contains information on the OPD of each ray as it transverses the lens. Additional information is provided by the distortion of the base of the
cuvette. The reconstruction method assumes a 4-variable GRIN,
and uses ray tracing and custom genetic algorithm search algorithms. Computer simulations are done assuming human crystalline
parameters, and noise in the OPD of each ray. Experimental
data are obtained on a freshly enucleated porcine lens. A customdeveloped high resolution spectral domain OCT allowed
capturing 3-D images of the crystalline lens in situ (1668 A-scans,
70 B-scans). Custom routines for segmentation and fitting were
applied to retrieve lens surface geometry. Alignment algorithms
were used to allow registration of the lens in the two imaging
acquisition positions.
Discussion
Computer simulations show a robust
retrieval of GRIN in simulated crystalline lenses, when noise level is
lower than 50 um. In the measured
porcine lens, GRIN was successfully
retrieved using a 4-variable model.
The meridional dependency of one
of the variables allowed to express
angular asymmetries in the GRIN Fig.1. GRIN reconstruction of
profile. We found a gradual porcine lens in vitro (1 meridian)
change in the refractive index from
1.439 (nucleus) to 1.363 (surface), following an exponential
function of order 3.04 in the axial direction, and meridional exponent changes (3.35-6.70), indicating large asymmetries in the
GRIN distribution, consistent with the significant astigmatism
found on the surfaces.
Conclusions
OCT allowed 3-D imaging of the crystalline lens in vitro and
reconstruction of the GRIN structure. Asymmetries in GRIN distribution can be playing a mayor role in compensating the surface
astigmatism and therefore in the crystalline lens optics.
References
[1] Grulkowski et. al., Optics Express, 17(6):4842-58 2009.
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16:30
RAY TRACING ABERROMETRY WITH LOCAL TIMESEPARATED WAVE FRONT CONJUGATION
V. V. Molebny
Institute of Biomedical Engineering, Kiev 03187, Ukraine
e-mail: molebny@univ.kiev.ua

16:45
TWO-PARAMETER MODEL FOR THE STATISTICAL DESCRIPTION OF THE OPTICAL ABERRATIONS OF THE HUMAN EYE
N. M. Jansonius
University of Groningen, Department of Ophthalmology,
Groningen, Netherlands; e-mail: n.m.jansonius@ohk.umcg.nl

Summary
With ZEMAX simulation, measurement errors are analyzed
having their origin in usage of eye optics as a component of
the aberrometer. Local time-separated wave front conjugation is proposed for ray tracing aberrometry based on the
acousto-optic control of the tilt of the beam at the entrance
into the eye.

Summary
A two-parameter model for the statistical description of the
optical aberrations of the human eye was developed. One
parameter describes the spherical aberration; the other parameter summarizes all other higher-order aberrations. The
model was able to relate accurately previously published
wave-front analysis data to contrast sensitivity data.

Introduction
The optical system of the eye, due to its dual role as an object of study and as a part of the aberrometer, creates uncertainty of the results for both ingoing and outgoing techniques.

Introduction
Optical aberrations can be measured with wave-front analysis
and quantified with aberration coefficients belonging to
Zernike polynomials. Several of these coefficients are nonnegligible in individual subjects but the population means of all
coefficients are close to zero with the exception of that of c
(4,0), the primary spherical aberration (SA). This finding triggered the development of the current two-parameter model:
one parameter, α, describes the SA; the other parameter, β,
summarizes all other higher-order aberrations.

Discussion
Modeling was made with the ZEMAX Optical Design Program
(Focus Software, Inc.). The eye was interpreted in paraxial
approximation, aberrations were added as Zernike Standard
Sag surfaces. With the simplified layout of the HartmannShack aberrometer (no relaying telescope) the measurement
error is limited practically by a constant wave front tilt, corresponding to the tilt due to the refraction in the point of the
probing beam entrance. Inclusion of the relaying telescope
makes the measurement errors dependant on the pupil coordinate (Fig. 1a). Ray tracing case is also subject to the error
dependence on the pupil coordinates, the error having a symmetric shape (Fig. 1b).

Fig. 1. Measurement error for Z17=0.005 mm when measured by ShackHartmann (a) and ray tracing (b) aberrometer

In the proposed solution for ray tracing aberrometer (Fig. 2),
two sets of 2D acousto-optic deflectors are installed in series,
the first one being used for changing the height of the beam,
the second one - for tilting the beam and directing it in the
same point C of the pupil, in which it entered at the primary
probing.

Methods
The starting point is an aberration free model: all incident rays
parallel to the optical axis are refracted at a single plane
perpendicular to the optical axis into a single focal point located on the retina. Defocus and aberrations were modeled
by shifting the intersection of ray and optical axis forward or
backward. The resulting distribution of rays on the retina, adjusted for the Stiles-Crawford effect, is the point spread function. SA was modeled as a primary SA in diopters, PSA(r)=αr2,
where r is the ray height. The other higher-order aberrations
(HOA) were modeled together as a random deviation of the
power in diopters, PHOA=βe(x,y), where e(x,y) is a random
number with mean 0 and standard deviation 1, with the pupil
being in the x-y plane [1]. The parameters α and β were related to c(4,0) and HOA: α=24√5c(4,0)/(D/2)4 and β=16√
(3π/2)HOA/D2, where D is the pupil diameter and HOA the
root of the sum of the squares of all higher-order aberration
coefficients except for c(4,0) [2].
Results
With c(4,0) and HOA values for young healthy subjects from
the literature, the parameters α and β were evaluated to be
0.1 D/mm2 and 0.25 D, respectively. With these values, D = 6
mm and white light, the model yielded a depth-of-focus (full
width at half height of the through-focus curve at 8 cpd) of 1.1
D and a myopic shift (difference in optimal focus between 4
and 16 cpd) of 0.3 D. These values are in good agreement
with that of the same variables measured with contrast sensitivity testing in healthy subjects of similar age.

Fig. 2. Measurement error compensation by local time-separated wave front
conjugation: a - hyperopic eye, b - myopic eye

Discussion and Conclusions
Wave-front analysis data are often summarized by presenting
only a few aberration coefficients and a summary value; especially in these situations, the current eye model can be helpful
in the interpretation of the data.

Conclusions
The proposed principle of local wave front conjugation allows
to decrease the measurement error by an order per iteration.
Depending on the type of aberration, it typically means that
the error as high as about 20% of the actual value will be
reduced to 2% after the first iteration, and to 0.2% after the
second iteration. In most cases, a single iteration can be
enough.

References
[1] N.M. Jansonius and A.C. Kooijman, Opthal Physiol Opt, 18,
504, 1998.
[2] N.M. Jansonius, J Opt Soc Am A, 27, 941, 2010.

25

EMVPO2010 I www.myeos.org/events/stockholm

Sunday, 22 August | Room: Oscar Klein Auditorium (FR4)

Session ABERROMETRY AND ABERRATIONS
Chair: Ralf Blendowske, Hochschule Darmstadt (DE)

17:00
NEW APPROACH TO EYE ABERRATION ANALYSIS
V. V. Molebny
Institute of Biomedical Engineering, Kiev 03187, Ukraine
e-mail: molebny@univ.kiev.ua

17:15
BIOMECHANICAL PROPERTIES OF THE OUTER COATS OF
THE EYEBALL: NUMERICAL MODELLING APPLIED TO
EXPERIMENTAL ANALYSIS
M. Widlicka1, D. W. Śródka2 and B. K. Pierścionek3
1 Wroclaw University of Technology, Institute of Physics,
Wroclaw, 50-370, Poland;
2 Wroclaw University of Technology, Faculty Division of
Deformable Bodies Mechanics, Wroclaw, 50-370, Poland;
3 University of Ulster, School of Biomedical Sciences,
Coleraine, BT52 1SA, United Kingdom
e-mail: magdalena.asejczyk@pwr.wroc.pl

Summary
A technique is proposed to distinguish between the types of
aberrations directly depending on radial forces changing the
optical power of the eye, and those, which can diagnose the
abnormalities of the optical power control in the eye.
Introduction
Variability of aberrations in the process of accommodation
can contain important information about the abnormalities of
control mechanisms of accommodation. We modified the approach [1] which treats the aberration as a vector with its
module corresponding to optical power in a given point of
the eye and to an argument corresponding to angular shift of
the beam around an optical axis of the eye [1].

Summary
The material properties of the cornea and sclera, which constitute the outer coats of the eyeball, are such as to maintain
the shape of the eye and the requisite surface curvatures for
optics. There is also sufficient elasticity to allow for pull of
external and internal musculature and fluctuations in intraocular pressure (IOP).

Discussion
We describe the aberrations as consisting of radial and tangential components. Both components are measured as angles
(Fig. 1): radial component ρ shows how
far from the reference point O´ (which
is the crossing of the retina by the visual axis) the beam crosses the retina in
point B', tangential component τ shows
how far the crossing is shifted from B'
to B considered as rotation of the
plane of beam incidence. An example
of the map of radial ρ and tangential
τ components is demonstrated in Fig. 2.

Introduction
A previously published experimental procedure, approximating the eyeball to a pressure vessel, has been modeled using
measured values of thicknesses and incremental changes in
intraocular pressure (IOP), adhering as closely as possible to
experimentally measured changes in radii of curvature. Material parameters were calculated from the model and the
resulting non-linear constitutive relationships between stress
and strain for the cornea and sclera compared to their experimentally obtained counterparts.
Discussion
The comparison between model and experiment was very
close for the sclera but more varied for the cornea. The pressure vessel model is more accurate for measuring the scleral
than corneal elasticity as the former constitutes the greater
part of the eyeball coat.

Fig. 1. Components of
eye aberrations

Conclusions
Modelling can be used to complement and extend experimental work and is of great benefit in ocular biomechanics
where the experimental technique can affect the results obtained. Comparative studies, using different methods, alongside various ways of modelling to simulate, improve or extend
the experimentally derived results, are required to eventually
lead to consensus regarding the material parameters of the
eyeball coats.

Fig. 2. Example of the map of radial and tangential components

References
[1] A. Elsheikh & K. Anderson, J. R. Soc. Interface 2, 177-185,
2005.
[2] J. Kampmeier, B. Radt, R. Birngruber & R. Brinkmann, Cornea 19, 355-363, 2000.
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Using this approach, 1500 eyes were analyzed by
G. Pavlovich, and the ratio ρ/τ was calculated for each eye.
Age dependence discovered an interesting interval between
49 and 57 years, when ρ/τ is lower, than in the other periods
of life.
Conclusions
Proposed approach allows its usage as a diagnostic means to
find out the reasons of vision degradation, to study the process of accommodation, and to optimize the ways of vision
correction. It can also be useful in physiological studies.
Reference
1. V. V. Molebny, O. V. Lutsenko, Electronics and Communication, 14, 103-106, 2002.
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DISCUSSION: NIGHT MYOPIA: A CLASSIC REVISITED
Moderator: Pablo Artal, Universidad de Murcia (ES)
Co-Moderator: David R. Williams, University of Rochester (US)

17:30 - 18:30
Summary
Emmetropic eyes in daylight are thought to become myopic at low luminance conditions. This phenomenon, commonly referred
as night myopia, seems to be noticed first by Lord Rayleigh and extensively studied during the mid XX century. However, as it
is pointed out in a classical study (Koomen et al., JOSA, 1951): “night myopia has been rediscovered from time to time and the
literature is full of conflicting results”. The purpose of this presentation is to revisit this phenomenon using an adaptive optics
instrument operating in invisible infrared illumination to elucidate its actual magnitude and causes.
Visual acuity as a function defocus for a series of different experimental conditions was measured in 3 subjects. Tumbling-E
letters were presented in a CRT-monitor for different luminance conditions: from high (100 cd/m2) and low (with a 5-neutral
density filter placed in the optical path). The low luminance measurements were performed after subjects dark adapted for
around 30 minutes. Defocus and aberrations were continuously measured with the 1050-nm Hartmann-Shack sensor incorporated in the adaptive optics instrument. Measurements were performed for a series of combined factors such as different natural and artificial pupil diameters; pseudo-monochromatic (green) and polychromatic (white) stimuli; natural aberrations, or all
aberrations corrected, and the two previous conditions with spherical aberration set to 0 and 0.5 microns (for a 6-mm pupil).
Differences in the best focus position for high and low luminance were small or around zero for all the tested conditions. We
were not able to find any significant myopic shift in most subjects. The addition of spherical aberration, one of the suggested
possible causes of night myopia, did not modify best focus positions at different pupil diameters. In general, we did not find
any accommodation shift at low luminance as compared with the high luminance condition. The correction of high order aberrations nearly doubled visual acuity at the low luminance conditions, but at similar focus position.
These experiments using an adaptive optics visual simulator with invisible measuring light were performed to re-evaluate night
myopia. We were not able to find significant myopic shifts at low luminance in the tested subjects. Neither spherical aberration
nor accommodation shifts appears to have substantial effects in the phenomenon.
Since these results seem to be somehow against conventional wisdom on this topic, addition validations and experiments should
be performed to completely elucidate the situation. However this classic topic can be a perfect subject for a lively discussion!

NOTES
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09:15
NOTES
IMAGING TECHNIQUES FOR NON INVASIVE ANALYSIS OF
EYE BLINKING DYNAMICS
D. Mas, B. Domenech, J. Espinosa, J. Pérez, C. Hernández and
C. Illueca
University of Alicante. Instituto de Física Aplicada a las
Ciencias y Tecnologías, Alicante, PO Box 99, 03080, SPAIN
e-mail: david.mas@ua.es
Summary
Our proposal consists of using of a fast camera attached to a
slit lamp to record eye blinking. The corneal border and eyelid are automatically detected. The images are ordered in a
temporal stack which can be re-sliced thus allowing direct
inspection of the variation of any point of the anterior‟s eye
segment
Introduction
Eye blinking is an essential function of the eye that helps to
replace the tear film across the corneal surface. This function
is controlled by a blinking center that coordinates all actions
that happen simultaneously with the eyelid movement. Among
them, we focus our attention in the eye retraction and eyelid
movement.
Discussion
When the blink occurs, the eye retracts about one millimeter.
The process is very fast since the blink is completed in 300 ms.
A slit lamp allows obtaining an optical section of the anterior
chamber. Images are captured with a external high speed
camera at 500 fps. Video sequence is then analyzed frame
by frame.
Images are organized in a 3D stack. A linear region is selected and projected onto all the sequence. Longitudinal reslicing provides a temporal sequence of the blinking process.
Light reflection on the eyelid saturates the camera. This fact
can be used to monitor the eyelid during its movement. Just
by taking the mean luminance of the image we obtain a
graph representing the blink movement. Convenient calibration of the image allows measuring real distances.
Conclusion
With the method here presented we can analyze eye retraction and eyelid motion at the same time. Spatial and temporal accuracy of our method is around 25 µm and 2 ms which
makes this method comparable to those based in scleral
search coils which are very invasive and extremely uncomfortable for the observer, thus modifying the blinking pattern.
This work has been supported by the Generalitat Valenciana
project nr. GV/2009/002.
Reference
[1] D. Mas, B. Domenech, J. Espinosa, J. Perez, C. Illueca, Op-

tics Letters (accepted).
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09:30
A NEW TOOL TO REMOVE ARTIFACTS AND NOISE FROM
SIGNALS OF MICROFLUCTUATIONS IN THE ACCOMMODATION OF HUMAN EYE
P. P. Monticone, M. Menozzi
Technology and Innovation Management, ETH Zurich,
Switzerland
e-mail: pmonticone@ethz.ch

09:45
ALTERNATIVE APPROACH TO FIT IRREGULAR CORNEAS
J. Espinosa, J. Pérez, D. Mas, C. Vázquez and C. Illueca
University of Alicante. Instituto de Física Aplicada a las
Ciencias y Tecnologías, Alicante, PO Box 99, 03080 Spain
e-mail: julian.espinosa@ua.es
Summary
We propose a zonal Zernike fitting (combination of zonal
and modal approaches) of corneal height data. It permits
accurate analysis of the surface, diminishing the influence of
smooth areas over irregular zones and vice versa. This fact
will be of special interest in irregular corneas wavefront
evaluation.

Summary
We present a new method based on using easily available
information about large accommodation responses in order to
forecast the behaving of microfluctuations. Results of the modeling of microfluctuations are used to set up a filter that allows us to partially remove artifacts and noise from signals of
microfluctuations.

Introduction
Scheimpflug cameras permit accurate estimation of both corneal surfaces. Corneal aberration calculation and ray tracing
can be obtained from analytical surfaces resulting of fitting
heights. Zernike polynomials are used as adjusting polynomials but they have shown to be not precise when describing
highly irregular corneas. B-spline polynomials are especially
well suited for fitting complex-shaped surfaces. We propose
a combination of both techniques, thus joining simple analytical form of the modal representation together with the benefit of local definition of the zonal one. Zonal Zernike fitting
technique divides corneal surface in overlapping zones that
are evaluated with Zernike polynomials as interpolating polynomials.

Introduction
Accommodation is the process by means of the eye adapts
the optical power in order to maintain a clear image of objects at varying distances. Past research on dynamics of accommodation focused on two aspects: either on the accommodation response to "large signals" [1], i.e., more than one
diopter (D), or to "small signals" [2], i.e., less than 1 D, e.g.
"microfluctuations".
Due to complexity of measurement and analysis of recorded
signals, there is a high potential for recording artifacts in microfluctuations, as for instance artifacts caused by the cardiopulmonary system [3].
Materials and methods
In ten subjects we recorded dynamic step response for large
steps in demand of ac-commodation. Our newly developed
optometer enables to record the accommodation of the eye
with a high dioptric accuracy, about 0.01 D, and at a high
sampling rate, about 100 Hz [4]. Characteristic parameters
of the main sequence of accommodation were assessed.

Discussion
We compare the reconstructed surfaces using both modal and
zonal Zernike fitting to two surfaces: a theoretical surface
consisting of a spherical surface of curvature radius 6.5 mm
plus a scaled Franke‟s function and height data of a real
keratoconic cornea provided by Pentacam. In both cases,
results show that surface description through Zernike polynomials over the whole surface produces fitting errors in the
whole area whereas zonal Zernike analysis a lower surface
fitting error; mainly in the central region. Comparing with
bibliography, the method reaches between 2 and 4 orders of
magnitude lower in the RMS depending on the size of the
zonal mask.

Results and conclusions
From an analysis of the oculomotor system of the eye we can
assume that some phenomena of accommodation response at
large steps scale down to small signals. It is thus possible to
exploit measurements made using strong stimuli, which rise
fewer problems, to derive information about the behavior of
the system response to weak stimuli. In this way microfluctuations are analytically described. Finally this in-formation is
used to develop a filter enabling to partially remove noise
and artifact form signals of microfluctuations.

Conclusion
Zonal Zernike makes that the central surface part is better
evaluated than the outer parts, since calculation is more intensive in this zone and not affected by peripheral irregularities.
It allows better reconstruction of optical surfaces, mainly of
the central zone, than the one based on polynomial fitting of
the whole surface.

References
[1] Kasthurirangan S, Vilupuru AS, Glasser A. Amplitude dependent accommodative dynamics in humans. Vision Research 43: 2945 - 2956, 2003.
[2] Charman WN. Fluctuation in accommodation: a review.
Ophthal Physiol Opt 1988; 9: 153 - 164.
[3] Muma M, Iskander DR, Collins MJ. The Role of Cardiopulmonary Signals in the Dynamics of the Eye‟s Wave-front
Aberrations. IEEE Transactions On Biomedical Engineering.
2010; 57: 373 - 383.
[4] Monticone PP, Menozzi M. Instrument for high-speed recording of accommoda-tion of the human eye. Biomed
Tech. 2010; 55: 83 – 88.

This work has been supported by the Generalitat Valenciana
project nr. GV/2009/002.
References
[1] M. Ares and S. Royo, Appl. Optics 45, 6954-6964, 2006.
[2] A. Martinez-Finkelshtein, A.M. Delgado, G.M. Castro, A.
Zarzo and J.L. Alio, Invest. Ophthalmol. Visual Sci. 50,
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10:00
SHACK-HARTMANN MULTIPLE SPOTS WITH DIFFRACTIVE
LENSES
F. Castignoles1, T. Lepine1,2, P. Chavel2, G. Cohen3
1 Université Jean-Monnet, Laboratoire Hubert Curien, CNRS,
Saint-Etienne, 42000, France;
2 Institut d‟Optique, Laboratoire Charles Fabry, CNRS,
Université Paris-Sud, 91127 Palaiseau cedex, France;
3 Cabinet d‟ophtalmologie, Lyon, 69006, France;
e-mail: fannie.castignoles@univ-st-etienne.fr

10:15
MEASURING LIGHT SCATTER WITH SHACK-HARTMANN
WAVEFRONT ABERROMETER
J. Nam1, L. N. Thibos1, N. Himebaugh1, H. Liu1
1 Indiana University, School of Optometry, Bloomington,
47405, USA;
e-mail: jnam@indiana.edu
Summary
We developed a method of quantifying light scatter at different locations of the eye's pupil from aberrometer images.
We demonstrated the feasiblity of the method with a human
eye before and after tear breakup. This spatial scatter map
could also be useful to study the optics of cataract, cornea
transparency, or intra-ocular lens.

Summary
The apparition of multiple spots when measuring diffractive
lenses with Hartmann-Shack sensor depends of two conditions:
the diffractive lens must have a phase shift leading to constructive interferences in multiple orders, and the microlens
must intercept at least one phase jump.

Introduction
Light scatter of the human eye is modeled using the concept
of a thin random screen in the eye's optical system [1]. The
point spread function (PSF) of the whole eye can be written
as a convolution of the PSF from the optical aberrations and
the PSF from the light scatter, which holds separately for each
lenslet of the SH aberrometer. We showed that for each
lenslet of the SH aberrometer, a blurring metric called radial
variance unfolds the convolution to a simple addition. The
radial variances of the PSFs due to the aberrations and the
light scatter add, and are equal to the radial variance of the
PSF for the whole eye [2]. By using this additivity rule twice,
we derive the estimate of the light scatter for a double-pass
optical system.

Introduction
Multifocal diffractive lenses are now widely used in ophthalmology to correct presbyopia. However the measure of such
lenses with an Hartmann-Shack wavefront sensor remains
tricky [1,2] due to the existence of multiple spots of which the
origin has not always been well understood. We offer a clear
explanation of this phenomenon, illustrated by simulations of
the different figures obtained with an Hartmann-Shack sensor
behind a monofocal, a bifocal and a trifocal diffractive lens.
Discussion
The simulations are performed in Zemax® with a microlens
array and the different diffractive lenses. Despite its phase
jumps and its diffractive behaviour, a monofocal diffractive
lens will not lead to multiple spots. On the other hand, with
the bifocal diffractive lens we observe double spots and with
the trifocal lens, triple spots.

Discussion
The additive property of the radial variance was validated
with a theoretical example of a Gaussian xerop wavefront
W=C*exp[-R^2/(2*sigma^2)] within the error of 4%, where
C is the magnitude of the wavefront in micron, R is the radius
of the sample points in the lenslet, and sigma is the variance
of the wavefront. Applying the metric of radial variance to a
human eye, we show that the method of radial variance can
identify the local regions of the pupil where the tear breakup
occurs. Significant increase of the radial variance coincides
with large increase of the light scatter. We also found that
camera resolution is one of the important factors for the
analysis.

Conclusions
Those examples enable to understand that contrary to what
may be thought at first glance, multiple spots are not only
due to the phase transitions of diffractive lenses.
In fact multiple spots require a phase transition and a phase
shift different from 2π that leads to constructive interferences
in multiple orders. That is why in a monofocal lens, where
there is only one order that constructively interferes, single
spots are observed. With a bifocal lens that includes, for example, π phase jumps, a double spot is observed behind each
microlens that intercepts at least one phase jump. Finally a
trifocal diffractive lens leads to triple spots.

Conclusions
A spatially-resolved map of light scatter using the SH aberrometer measurement image is a valid procedure for quantifying the degradation of the image quality in the human eye
due to light scatter.

References
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2008.
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10:30
HYPERSPECTRAL IMAGE PROCESSING FOR AUTOMATIC
FEATURE EXTRACTION AND WHITE LIGHT IMAGE SYNTHESIS
V. Nourrit1, J. Denniss1, I. Schiessl1, D. B. Henson2
1 Faculty of Life Sciences, University of Manchester,
Manchester, UK;
2 School of Biomedicine, University of Manchester,
Manchester, United Kingsom
e-mail: Vincent.Nourrit@manchester.ac.uk
Introduction
Image processing for automatic detection of retinal features
is an active field of research due to its importance as a tool
for clinical interpretation and its potential for expert systems.
Most segmentation techniques are based on shape-boundary
characteristics and rely little or not at all on spectral information. Due to recent progress in hyperspectral imaging, our aim
was to assess the benefit of this additional source of information for automatic feature extraction. We focused on the optic nerve head (ONH) and blood vessels segmentation due to
their importance for numerous image processing tasks. Because the interpretation of retinal images has been traditionally done on white light images, we also investigated how to
best represent the hyperspectral images on a three stimulus
display for human analysis.

11:15
AUTOMATIC WIDE-FIELD RAY-TRACING ABERROMETER
J. Mazzaferri, R. Navarro
Consejo Superior de Investigaciones Científicas & Universidad
de Zaragoza, ICMA, 50009 Zaragoza, Spain
e-mail: rafaelnb@unizar.es
Introduction
The eye has a wide-angle optical system. A complete characterization of the 2-dimensional field of view with conventional
aberrometers is frequently difficult and time-consuming. As a
result, studies of off-axis aberrations are scarce1,2,3 and often
limited to one meridian. Here, we present a new wide-field
system which permits to efficiently scan both field angle and
meridian in a timely way.

Method and results
We combine three main principles to obtain an efficient and
fast device: An array of LEDs permits to efficiently sample
both field angle and meridian; one of them is turned on to
drive fixation. A pupil tracker determines the center and the
(approximately) elliptical pupil edge in real time. A laser
scanner uses that information to deliver a parallel bundle of
rays to sample the pupil and the retinal spot are imaged on a
CCD. The centroid of each spot is computed to determine the
transverse aberration. A complete scan of 20 samples of visual field takes about 10 minutes, in semiautomatic mode, inDiscussion
cluding manual checks. In fully automatic mode it can be much
We recorded hyperspectral images at 8 wavelengths befaster.
tween 460 and 700 nm with a custom made prototype fundus In Figure 1, the results obtained on the left eyes of 6 individucamera in 20 normals. This allowed us to record images of
als are shown. As expected, the subject average RMS wavevarious retinal features with optimum contrast and to calculate front error increases with field angle (by a factor of 2 from 0º
an oxygenation map (OM) for each eye. Segmentation of the to 40º)1. On the other hand RMS HOA (high order) is lower for
ONH with standard edge detection filters is straightforward
nasal and inferior meridians, and has a minimum around 5º
from images recorded at 700nm, as the contrast is high and
nasal. This suggests that the best quality would correspond to
images almost free of distracters such as blood vessels. Using the optical axis rather than to the fovea.
human segmented images as ground truth, the optic disc was
identified correctly in all images. OM can facilitate the
evaluation of the neuroretinal rim and optic disc cup shape
(7/20 patients) though obscuration of the area by blood vessels is a limiting factor. The best results for segmentation of
the blood vessels were obtained in OM (2D matched filtering
then thresholding). Differentiation between veins and arteries
can also be achieved from images at 580 and 610nm. Conversion of the hyperspectral sets to single RGB images was
achieved using a linear combination of CIE 1964 tristimulus
Fig. 1. left: Wide field high
color matching envelopes. The subjective quality of the synorder (HO) aberration maps of one subject.
thesised images was poor when compared to white light imright: RMS values of HO aberrations averaged over 6 individuals. The error
ages due to low signal-to-noise ratio in the blue channel and bars indicate the inter-subject standard deviation.
a lower image resolution.
References
Conclusion
[1] R. Navarro, E. Moreno, C. Dorronsoro, JOSA A, 15, 2522,
Hyperspectral imaging provides a considerable amount of
1998.
additional information that can be of benefit to standard
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11:30
FAST HARTMANN-SHACK WAVE-FRONT SENSOR SCANNER
FOR PERIPHERAL MEASUREMENTS
B. Jaeken and P. Artal
Laboratorio de Óptica, Universidad de Murcia, Campus de
Espinardo (Ed. CiOyN), 30071 Murcia, Spain
e-mail: bart.jaeken@um.es

11:45
METHOD FOR COMPARING ZERNIKE ABERRATION COEFFICIENTS FOR PUPILS OF ANY SIZE OR SHAPE
L. Thibos, J. Nam, X. Wei, J. Shen
Indiana University, School of Optometry, Bloomington, IN
47405 USA;
e-mail: thibos@indiana.edu

Summary
We designed and built a fast Hartmann-Shack (HS) wavefront sensor which is able to measure the peripheral image
quality on the horizontal meridian over a range of ± 40°
continuously in a few seconds. We used the system to measure
a relatively large group of subjects to better understand the
relationship between patterns of peripheral optics quality
and its relationship with foveal refractive errors.

Summary
We describe a method for computing and comparing Zernike
aberration coefficients from wavefront measurements obtained from eyes with pupils of different size or shape.
Introduction & Methods
Comparing Zernike aberration coefficients across eyes with
pupils of different size or shape is awkward because pupil
coordinates are normalized to a circular domain of unit radius. One solution to this problem used previously [1] in the
context of off-axis wavefront aberrometry (where circular
pupils appear elliptical) is to perform Zernike analysis over a
circular domain defined by a circumscribed circle. We generalized this idea by using a concentric analysis circle with the
largest common diameter. Regions inside the circle, but outside the pupil, were treated as missing data when fitting
Zernike basis functions by the method of least-squares. The
method was validated for numerically simulated data and an
error analysis was conducted using a database of aberration
coefficients for 200 human eyes determined for large (6mm)
pupils [2]. Coefficients for small (4.5mm) pupils were recomputed from a subset of slope data. For comparison, coefficients were also rescaled to 4.5mm analytically [3].

Introduction
To further evaluate the hypothesis that peripheral refractive
errors and aberrations may influence the progression of myopia it is necessary to have an instrument capable to measure
peripheral image quality in a reliable, accurate and simple
way. This type of system would have to be used to investigate a large group of subjects of different refractive errors
and eventually children wearing customized spectacles that
modify the peripheral optics.
Discussion
We developed a new instrument based on the HS wavefront
technique to perform continuous off-axis data acquisition. For
measuring fast along the horizontal meridian over a large
range (± 40°), the device scans instead of the subject moving
his eye to fixate at different angles. The complete measuring
time for a horizontal scan with angular resolution of 1 measurement per degree is less than 2 seconds. The design improved not only the acquisition time and angular resolution
but also the comfort of both the subject and the operator. The
measurements taken with the new scanning system are highly
correlated with those obtained with a standard static HS system. In our test group (10 eyes, 9 eccentricities from -40° to
40°) we found for the mean spherical equivalent an r2 of
0.95. The ± 2σ value (n=88) was 0.70 D. The scanner instrument makes it possible to measure the peripheral image quality in a large population.

Results
Changing the normalization diameter has no effect on the
accuracy of wavefront reconstruction over the measurement
domain even for non-circular pupils. However, Zernike analysis for small pupils is inherently noisier than for large pupils
due to pupil edge effects. Consequently, the wavefront reconstructed over a 4.5mm pupil from measurements over a
4.5mm pupil differs slightly from the wavefront reconstructed
over the central 4.5mm from measurements over a 6mm pupil.
The median RMS error of this type for our population is 0.06
microns. The same level of error was obtained when shrinking
the pupil analytically from 6mm to 4.5mm, which confirms the
discrepancies are due to measurements errors associated with
small pupils. These measurement errors limit the accuracy of
extrapolation of wavefronts from small to large pupils.

Conclusions
The new fast scanner HS-sensor measures the peripheral image quality of the horizontal meridian over a range of ± 40°
and an angular resolution of 1 measurement per degree in
less than 2 seconds. We assured the accuracy of the measurements by comparison with a static and previously validated
HS system. Currently we are using the fast HS scanner to
study the peripheral image quality in a large group of subjects.

Conclusion
An analysis circle with largest common diameter provides a
basis for comparing aberrations of pupils, regardless of
shape or size, without loss of accuracy or precision. However,
imprecision of wavefront measurements over small pupils
causes discrepancies with measurements obtained over large
pupils.

Support
MyEuropia EU research training network (MRTN-CT-2006034021), Ministerio de Educación y Ciencia, Spain (grant nº
FIS2007-64765), and Fundación Séneca, Murcia, Spain
(grant 04524/GERM/06).
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12:00
PERIPHERAL IMAGE QUALITY AFTER PHOTOREFRACTIVE
KERATECTOMY
H. Ginis, A. Demesticha, G. Kymionis, N. Astyrakakis,
I. Pallikaris
University of Crete, Institute of Vision and Optics, Heraklion,
71003, Greece;
e-mail: ginis@ivo.gr

12:15
INFLUENCE OF OPTICAL DEFOCUS ON PERIPHERAL VISION
R. Rosén, L. Lundström, P. Unsbo
Royal Institute of Technology, Dept of Applied Physics, 106
91 Stockholm, Sweden; e-mail: robert.rosen@biox.kth.se
Summary
Tolerance to optical defocus in peripheral vision was assessed
for resolution and detection acuity under high and low contrast with stationary and drifting Gabor gratings. The findings
elucidate the importance of peripheral correction for patients
with macula degeneration. Also, an interesting asymmetry for
myopic subjects is noted.

Summary
In laser refractive surgery only the central portion of the cornea is reshaped by laser ablation in order to correct the refractive error. We present a model of the peripheral image
quality after refractive surgery and the associated loss of
visual fields. The model is validated by means of experimental data from eighteen refractive patients.

Introduction
Peripheral optical corrections are often thought to give few
visual benefits beyond improved detection acuity. The reason
for this lack of impact of optical errors is the limited sampling
of the peripheral retina1. However, previous studies have
seen benefits beyond detection for customized peripheral
correction for patients with central visual field loss2 (CFL).
Furthermore, animal studies suggest a role for peripheral
vision in myopia development3. For this study, we varied optical defocus and the visual threshold for a number of visual
tasks, determined at the 20°nasal visual field for five subjects.

Introduction
Laser correction of ametropias is achieved by changing the
radius of curvature of a central portion of the cornea by an
appropriate laser ablation profile. Off-axis objects are imaged not only through the corrected portion of the cornea but
additionally through a meniscus of paracentral cornea involving the transition zone as well as untreated cornea. It was the
purpose of this study to investigate the role of this optical
effect in the peripheral image quality and visual fields in
patients undergoing photorefractive keratectomy.

Discussion

Subjects and Methods
We employed a wide angle schematic eye model [1] where
the anterior surface of the cornea was modified according to
the parabolic approximation of the Munnerlyn‟s equation. The
PSF fraction that remained within a circle having diameter
equal the size of the receptive field at each field angle was
used to determine the associated change in sensitivity. Additionally the visual fields of thirty-two eyes (of 18 myopic- PRK
patients) were evaluated preoperatively and 3 months postoperatively.
Results
All patients had decreased sensitivity (0.5 to 9 dB mean
2.64518 ±1.85 dB) at the periphery of the visual field (30
and 40 degrees). No statistically
significant difference was observed for the central visual field
(0-22 degrees). The loss of sensitivity depends on the
achieved correction and the pupil diameter of the eye.
Discussion - Conclusion
The model accurately predicted the change in the peripheral
visual field. As previously suggested [2] the loss of peripheral
visual fields following refractive surgery may be attributed to
the deteriorated retinal image quality in the peripheral visual
field.
References
[1] Isabel Escudero-Sanz and Rafael Navarro, "Off-axis aberrations of a wide-angle schematic eye model," J. Opt.
Soc. Am. A 16, 1881-1891 (1999).
[2] Montes-Mico R, Charman WN. Image quality and visual

All visual tasks except high contrast
resolution were sensitive to optical defocus, particularly
low contrast resolution where the mean
loss was 0.227 logMAR per dioptre
defocus. Contrary to
expectations, drifting gratings made
Tolerance to optical defocus in peripheral vision no difference comfor one subject, depending on visual task. Dotted pared to similar tasks
lines indicate tasks with drifting gratings.
with stationary gratings. Both myopic subjects participating exhibited a very low
sensitivity to hyperopic peripheral defocus, whereas all subjects were equally affected by myopic defocus.
Conclusions
Optical defocus of as low as one dioptre has a large impact
on most peripheral visual tasks, with high contrast resolution
being the exception. Since the everyday visual scenery consists of
objects at different contrast levels, it is understandable that
previous studies found improvements in vision for CFL patients
if their peripheral refractive errors were corrected. The asymmetry in sensitivity to peripheral defocus experienced by the
myopic subjects but not by the emmetropic subjects, merits
further investigation.
References
[1] Y.Z. Wang, L.N. Thibos, A. Bradley, Invest Opthalmol Vis Sci, 38,
2134-2143, 1997.
[2] L. Lundström, J. Gustafsson, P. Unbso, Optom Vis Sci, 84, 1046-1052,
2007.
[3] E.L. Smith III, L.F Hung, J. Huang, Vision Res, 49, 2386-2392, 2009.

performance in the peripheral visual field following
photorefractive keratectomy. J Refract Surg 2002; 18:14
–22.
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ACCOMMODATION OF MYOPES AND EMMETROPES TO
PERIPHERAL STIMULI
W. N. Charman, A. Hartwig, H. Radhakrishnan
Faculty of Life Sciences, Moffat Building, University of Manchester, Manchester M60 1QD, United Kingdom
e-mail: neil.charman@manchester.ac.uk

MANAGEMENT BY ECCENTRICITY - HOW TO MAKE A LIVING AND
FIND HAPPINESS THROUGH LOOKING 12 DEGREES TO THE LEFT
OF THE FACE OF MY PARTNER WHILE THE MACULA WAS
DESTROYED BY THE GENES OF MY MOTHER. MY PERSPECTIVE TO
LIFE IS THE REASON WHY YOU SHOULD WORK EVEN HARDER.

Summary
Steady-state accommodation response/stimulus curves were
determined for targets located at field angles 0, 5, 10 and
15 degrees. Accommodation responses weakened with increasing peripheral angle but were still present at 15 degrees.

After many years of marriage you think you know each other,
and that everything is clear. As a researcher or an adventurer this is not the case. You always think there are new
things to discover, new islands to visit and new topics to bring
up for breakfast. If I would tell you that I have a blind friend,
and I mean real blind, not American blind, and that he is
reading his own book in the audio version, you would know
what I mean. Everything is possible if you just use some imagination. Since my macula does not work for the last 42 years, I
looked up some other friends called cones in the retina, and
asked them if they would like to take over the work from the
guys who resigned. They said yes, but with one condition:
they needed more magnification as the density was lower out
in the countryside. Now, it works, and after some years training I know how to do, and I can even teach others to do the
same thing. Then I meet researchers, some of them rather nice,
and find that they use words I cannot understand. So I found
myself another profession: research interpretor.

Introduction
It has been suggested that peripheral refractive error may
influence eye growth and the development of refractive error, implying that the peripheral retina is sensitive to optical
defocus and its sign. Evidence for an accommodation response to peripheral stimuli would support such a concept,
although its absence would not negate it, since accommodation involves higher-level control processes. Using an openview autorefractor, monocular accommodation responses
were measured for several different target configurations at
peripheral angles between 0 and 15 degrees, in an otherwise uniformly-illuminated field. Subjects were young, adult
groups of 7 emmetropes (MSE between +0.37 and -0.50 D,
mean -0.01±0.32 D) and soft contact lens-corrected myopes
(MSE between -1.00 to -6.00 D, mean -2.40±2.02 D). Stimulus vergence was varied with trial lenses at 1 D intervals over
a range of about 0 to 4 D. The accuracy of the responses
was characterized in terms of the slope of the accommodation
response/stimulus curves and an error index based on the
lags and leads in accommodation.

I translated PRL to the more understandable abbreviation
BRA, best retinal areas, and I assure you: the patients enjoy
that.
Now I can See BAD and Feel Good. I am not any longer one
of the poor guys, I am rich enough to be free to say and think
what I like. So if you meet a person with 20/400 in BCVA
don‟t call him or her blind. Call them by their name. We are
not even patients, since patients are persons suffering. We
are your best friends, since without our interesting retinas you
would have to find other BRAs to study.

Discussion
Results showed that, in the emmetropic group, slopes decreased with increase in the field angle of the stimulus, from
about 0.8 for an axial target to about 0.3 at 15 degrees: the
error index increased with field angle. The responses for the
myopic group appeared to be less accurate but followed the
same trends. While these results for isolated targets show that
information from the peripheral retina can guide accommodation, they give no indication as to how peripheral targets
might influence the response to an axial target at a different
vergence, a situation found in many real-life environments.

On the other hand, I appreciate a lot that you are sitting here
tonight. This is where I would like to say to you: Thanks for
giving the visual differencies a thought, but remember. I am
not your patient, I am your friend, and if you want to know
anything about my problem, ask me. Don‟t ask my doctor,since he or she only knows about my retina. The expert of
the retina is the person who owns it. Right? Or left!

Conclusions
Defocus in the peripheral retina can provoke an accommodation response for field angles up to at least 15 degrees.
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INVITED TALK
09:00 - 09:45

EVOLUTIONARY HISTORY OF THE HUMAN EYE
Ronald H.H. Kröger, Vision Group, Department of Biology, Lund University
Animal life on Earth changed dramatically for about 550 million years ago (MYA). This is indicated by the sudden appearance
of almost all modern animal phyla in the fossil record of the Lower Cambrian. The appearance of eyes may have played a
critical role in this event of rapid evolution. Vision allowed animals to hunt and avoid each other in new ways, which triggered
evolutionary advances in both predators and their prey.

Haikouichthys, one of the earliest vertebrates known, has been dated to an age of 540 million years. It had eyes that occupied most of the head‟s volume. Since then, vertebrates have evolved to the most successful group with regard to vision in
color and high detail, both in water and on land. Humans collect approximately 80% of all sensory information about the external world via the eyes. I present and discuss some features of vertebrate eyes that have most likely been essential for the
evolutionary path towards this highly efficient sensory system.
The inverse vertebrate retina is a space-saving and efficient solution that is of particular benefit to small animals such as early
vertebrates and fish larvae. For image magnification, there has to be some space between the optical center of the eye and
the light-sensitive layer. If this space is used for nerve cells that process visual information, large eyes fit into small heads, with
the retinal neurons in close proximity to the photoreceptors for fast and reli-able information processing.
Color vision in high spatial detail evolved early in vertebrates. All extant vertebrate groups, including lampreys that branched
off for at least 500 MYA, have the same set of five visual pigment genes, of which some have been lost or duplicated in various lineages. Likewise, multifocal crystalline lenses that create well-focused color images are present in all groups.
Vertebrates can use vision in the deep sea, at night, and in direct sunlight. It is still discussed whether or not lampreys have true
rods and cones. At least all other groups use highly sensitive rods for vision in low light and less sensitive cones for color vision
in bright light.
Three main types of accommodative mechanism have evolved in vertebrates. Cartilaginous fishes adjust focus by protraction of
the crystalline lens, ray-finned bony fishes retract their lenses, and tetrapods change lens shape. Adjustment of focus is necessary for large, highly resolving eyes to be useful for both near and far vision.
When vertebrates were firmly established in terrestrial habitats, a small group dropped out of the competition for diurnal
niches where color vision is of high adaptive value. The most modern sub-group, the placental mammals, lost two of the four
cone pigment genes. For about 65 MYA, a mass extinction paved the way for a great diversification of mammals which seized
also some diurnal niches despite their poor color vision.
The Old World monkeys duplicated the gene for the middle-wavelength sensitive photopigment and gained trichromatic color
vision as we know it. However, chromatic blur is a limiting factor since the optical apparatus of the human eye is relatively
simple with a monofocal lens. The problem is reduced by the exclusion of short-wavelengths sensitive cones from vision with
maximum spatial resolution. Furthermore, the spectral separation between the long- and middle-wavelengths sensitive cones is
small. This allows for high spatial resolution, but limits color vision capabilities. The main strengths of the human visual system
are sophisticated analysis and interpretation of information by the brain.

NOTES
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09:45
COLOUR VISION HYPERACUITIES
M. Ozolinsh1, I. Martín2, D. Lauva1, R. Kashtaljana1
1 University of Latvia, Dept. of Optometry and Vision Science,
Riga 10063, Latvia;
2 Escuela Universitaria de Óptica, Universidad Complutense,
28037 Madrid, Spain
e-mail: ozoma@latnet.lv

10:00
SPECTRAL CHARACTERIZATION OF THE FIRST AND SECOND
STILES-CRAWFORD EFFECTS USING TUNEABLE LIQUID
CRYSTAL FILTERS
B. Vohnsen1, B. Lochocki1,2, D. Rativa1
1 Advanced Optical Imaging Group, School of Physics, UCD,
Dublin 4, Ireland;
2 University of Applied Sciences H-DA, 64295 Darmstadt,
Germany
e-mail: brian.vohnsen@ucd.ie

Fig.1.: Stereothreshold values ηthr of
subject (IM) for isochromatic blue-blue
B-B stimuli at different luminance L
contrast - curve 1 (Lbar = 5 cd/m2, Lbgr
= 0 – 10 cd/m2); and for isoluminant
blueyellow B-Y stimuli ranging from BB to B-Y – curve 2 (colour coding
corresponds to MicroSoft Paint Lab
units, Lbar and Lbgr equal to 5 cd/m2).
Circle diameters approximately correspond to error bar length.

Summary
The Stiles-Crawford effects of the first and second kind have
been examined across the visible spectrum for the author‟s
eyes using tuneable liquid crystal filters in a semi-automated
system. We observe good agreement with recent theory [1]
supporting the role played by photoreceptor optics in vision
and eye modelling.

Summary
Two types of hyperacuities are studied: stereopsis and Vernier
acuity on luminance and colour contrast, emphasizing effects
for blue-yellow opponency of stimulus. Using real physical
depth stimuli the high stereosensitivity both for red-green and
blue-yellow stimuli are found. Different possible cone activity
inputs to visual pathways are discussed.
Introduction and Experimental
As the blue S-cone inputs are mediated via koniocellular pathway both stereoacuity and Vernier acuity would reveal differences in hyperactivity perception of luminance coded (mango
pathway) and red-green (parvo pathway) opponent vs.
blueyellow visual stimuli. We used in our stereopsis studies real
physical stimuli – two bars located at different distances from
observer with built-in LED light sources and computer controlled
x-y stage for controllable stereodisparity generation. CRT
display served as a background. The goal of studies was to
determine the highest stereoacuity values and the influence of
different opposite colour context of stereostimuli. Parallel
measurements with similar stimuli however planar ones and
displayed on the computer screen were performed to measure
Vernier acuities and to compare the impact of blue-yellow
opponency presence. A part of studies was done to find the
impact of stimuli blueyellow border blurring due to refraction
difference for emission of blue and yellow segments.
Discussion and Conclusions
Stereoacuity studies using real physical stimuli reveal high sensitivity of green-red and blue-yellow stimuli depth perception
at isoluminance with thresholds lower than ηthr < 10 arcsec
(Fig.1). That is well below the thresholds quoted by other authors that were used “imaginary” stereostimuli presented on
one plane – on the surface of the computer monitor. For redgreen and blue-yellow isoluminant stimuli higher stereothreshold values were found for the latter blue-yellow stimuli (for
equidistant stimuli pairs in L*a*b* space). Introducing a term
stereo sensitivity S = 1/ηthr and comparing S values for different colour and luminance stimuli one can separate the contributions of luminance and colour contrast contributions in total
stereopsis. Stereosense thresholds are more sensitive to luminance contrast changes as compared to colour contrast changes
(using colour coordinates in L*a*b* metrics). The role of a possible optical blur disk for blue-yellow stimuli on stereovision
and Vernier acuity is discussed and possible cone input to visual pathways discussed.
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Introduction
The Stiles-Crawford effect of the first kind (SCE-I) relates
visibility to retina directionality and pupil point, and the Stiles
-Crawford effect of the second kind (SCE-II) describes an
accompanying minor hue shift for light being obliquely incident on the retina [2]. The SCE-I has commonly been attributed to waveguiding and the second to self screening by retina pigments. Recent theory [1] suggests that the SCE-II may
be contained in the SCE-I when combined with the absorption
spectra of pigments across the bandwidth of illumination.
Discussion
We studied the SCE-I and the SCE-II in a semi-automated
system with tuneable liquid crystal filters (allowing automated
control of bandwidth and colour) to examine the relationship
between the two effects in more detail. The system and its
calibration are described. The experimental results obtained
for the author‟s eyes are compared to numerical simulations
based on the spectral bandwidth [1] as well as on individual
cone photoreceptor waveguiding [3].
Conclusions
Our experimental findings confirm the importance of bandwidth for the perceived SCE-II hue shift in support of a
waveguide retina picture of both the SCE-I and SCE-II while
not requiring strict inclusion of self screen by retina pigments.
Acknowledgments
The authors wish to thank Prof. R. Blendowske, University of
Applied Sciences, Darmstadt and Prof. Colm O‟Brien at the
Mater Hospital Dublin. This research was funded by Science
Foundation Ireland (grants: 07/SK/B1239a; 08/IN.1/
B2053) and the Federal Ministry of Education and Research
(Bafög).
References
[1] B. Vohnsen, J. Mod. Optics, 56, 2261 (2009).
[2] G. Westheimer, Proc. R. Soc. B, 275, 2777 (2008).
[3] D. Rativa and B. Vohnsen, Vision Research (submitted).
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SINGLE AND MULTI MODE CHARACTERISTICS OF THE FOVEAL CONES
D. Rativa and B. Vohnsen
Advanced Optical Imaging Group, School of Physics, UCD,
Dublin 4, Ireland
e-mail: diego-jose.rativa-millan@ucd.ie

NOTES

Summary
The Stiles-Crawford effect (SCE) changes subtly across the
visible spectrum caused by single and multi mode characteristics of the foveal cones [1]. We have analyzed in detail the
multi mode transitions of foveal cones using a Super Gaussian
function (SG) and by comparison with the waveguide mechanism of a liquid filled crystal fiber.
Introduction
Nowadays, the SCE is attributed to waveguide properties of
the photoreceptors, where a single mode characteristic of the
foveal cones is responsible for a Gaussian apodization effect
at the pupil. However, the number of characteristic modes
may change in response to the wavelength (l) across the visible spectrum given by:
(1)
where d is the receptor diameter, ni and ns are the index of
refraction of the receptor and the surrounding medium, respectively. The SG function describes the apodization changes
and is sensitive to the presence of higher modes coupled to
the foveal cones [1].
Discussion
We studied the SCE across the visible spectrum by using the
SG to describe both a single mode regime for the long wavelength (red) region and multi mode coupling for the short
wavelength (blue) region. The results obtained for the author‟s
eyes are compared to the adquired by using a liquid filled
crystal fiber with waveguide characteristics similar to the foveal cones [2]. The experimental results are analyzed with
numerical modeling based on cone photoreceptor waveguiding.
Conclusions
Our observations agree with a waveguide-based explanation of the Stiles-Crawford effect. The results and model gives
a fundamental insight in to how the directionality is related
with the modes of light propagation in the cones.
Acknowledgments
The authors wish to thank Prof. Colm O‟Brien at the Mater
Hospital Dublin. This research was funded by Science Foundation Ireland (grants: 07/SK/B1239a; 08/IN.1/B2053).
References
[1] D. Rativa and B. Vohnsen, Vision Research (submitted).
[2] C. R. Rosberg et al., Optics Express, 15, 12145 (2007).
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LIGHT-TISSUE INTERACTION IN THE RETINA
Erez N. Ribak, Nizan Meitav, and Amichai Labin
Department of Physics, Technion – Israel Institute of Technology, Haifa 32000, Israel
e-mail: eribak@physics.technion.ac.il
Summary
By special registration of many faint images we are able to obtain high-resolution retinal images. We developed new methods to look for hexagonal arrays of cones. In parallel we propagated light through a computer model of the parafovea. It
turns out that the inverted retina provides better acuity and reduces some aberrations.
We present an alternative way for achieving high resolution retinal images without resorting to adaptive optics. By accumulation of a large amount of frames without using flash, it is possible to resolve microscopic structures down to 3 μm. (Fig. 1). With
the ability to resolve single cones at the parafovea and even further out to 250, we investigated the single cone distribution,
the percentage of cones sharing in hexagons, and the average hexagon size. For these we used spatial filtering, as well as
angular analysis to locate the six-fold symmetry of these cells.

Fig. 1. left: Photoreceptor cells in the parafovea (scale bar, 25 μm). center: Pathological feature of the size of 100 μm, at 30 eccentricity. right: Fraction
of hexagons out of cones around the fovea.

Based on measured refractive indices from different layers in the parafovea1,2, and of the shape of glial (Muller) cells, we built a 3-d optical model
of the retina. Using the split-step Fourier beam propagation method, we calculated what happens to a pencil beam which hits the retina, how it is getting
captured and propagated down a narrowing glial cell all the way to its attached cone (Fig. 2). It turns out that the seemingly distorting neural and nuclear layers play a role of assistance for preserving resolution. The best guiding happens at green light and the worst leakage is in the blue3. Light hitting
at larger angles ends up scattered into the rod photoreceptors.
References
[1] K. Franze et al., PNAS 104, 8287, 2007.
[2] R. Barrer, JOSA 47, 545, 1957.
[3] A. M Labin and E. N. Ribak, PRL 104, 158102, 2010.

Fig. 2.: Redistribution of intensity through the retina. A
defocused Gaussian beam is injected, but phase curvature has very little effect on transported light. Frame
side: 65 μm. (Different intensity scales).

NOTES
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SUBJECTS ARE NATURALLY ADAPTED TO THEIR OWN OPTICAL ABERRATIONS
S. Marcos1, L. Sawides1, P. de Gracia1, C. Dorronsoro1,
M. Webster2
1 Instituto de Óptica “Daza de Valdés”, CSIC, Madrid, Spain;
2 Department of Psychology, University of Nevada, Reno,
Nevada, USA; e-mail: susana@io.cfmac.csic.es

ABOUT THE CHANGE OF THE SPHERICAL ABERRATION DURING ACCOMMODATION
N. López-Gil, V. Fernández-Sánchez
Grupo de Ciencias de la Visión. Universidad de Murcia.
30100 Murcia, Spain;
e-mail: norberto@um.es
Summary
Negative asphericity of both surfaces of the lens is the main
cause of the change of spherical aberration during accommodation, which produces an apparent lag of accommodation
which is necessary to form good images at the retina.

Summary
We used an adaptive optics system provided with a psychophysical channel to test the perceived neutral focus in a set of
images of various blur levels, prior to and after adaptation
to natural aberrations from real eyes. We found that subjects
are adapted to their own optical aberrations and perceive
other subjects‟ optics as more blurred.
Introduction
Subjects change their perceived neutral focus after adaptation to blurred or sharpened images [1]. We have recently
showed orientation selectivity to astigmatic blur, and that the
subjects can adapt to the blur imposed by high-order aberrations (HOA) [2]. Increased visual performance after adaptation to defocus has also been reported. Some studies suggest
that the eye might be adapted to its own aberrations, as
visual performance is degraded with an identical, but rotated
version of the subject‟s PSF [3]. However, no study to date has
proved whether the natural adaptation to blur is actually
produced by the subject‟s aberrations. To test this, we measured the change in the perceived neutral focus upon brief
adaptation to an image blurred by the subject‟s aberrations,
or an image blurred by other subjects‟ aberrations, in comparison to the perceived focus after adaptation to a gray
target (natural level of adaptation). The images are simulated by convolution at best focus, and viewed monocularly
thru an adaptive-optics deformable mirror that compensates
for the subject‟s natural aberrations. In a 2AFC the subject
finds his/her perceived neutral focus point. We compared the
perceived neutral focus with no adaptation and after adaptation to the different blurred images. We performed experiments on 4 normal subjects, with HOA RMS ranging from 0.18
to 0.39 μm (5-mm pupils).
Discussion
The perceived neutral focus after adaptation to the subject‟s
own natural aberrations is practically identical to that after
no adaptation (the difference is 0.012 μm RMS, on average
across subjects). However, the perceived neutral focus shifts
consistently (0.061 μm RMS on average) to more blurred
images after adaptation to the other subjects‟ natural aberrations, including less aberrated patterns than his/her own.

Introduction
It is well known that fourth-order spherical aberration (4SA)
decreases during accommodation and its effect on the accommodation response [1,2] has been pointed out. However, we
still do not know the origin of that change, if sixth-order
spherical aberration (6SA) also changes during accommodation, and how much those changes on spherical aberration
modify the accommodation response. In order to answer these
questions, we performed a study based on theoretical calculations, using computer ray-tracing software on a theoretical
eye [3], as well as experimental measurements of the eye
wavefront during accommodation in 15 eyes.
Discussion
After some approximations, theoretical calculations show that
for fixed pupil size, the 4SA and 6SA generated by the lens
corresponds to:
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where a, b, a‟ and b‟ are constants, r is the pupil radius and
R1L,2L and k1,2 are the radius of curvature and conicities of the
front and back surface of the lens, respectively. Both equations show that 4SA should decrease while 6SA should increase during accommodation (k1,2<0). The change on 4SA
predicted by the first equation corroborates the experimental
data found in the bibliography.
Under the hypothesis that the eye changes the accommodation state to minimize the wavefront variance, theoretical calculations show that 4SA contributes negatively to the accommodation response, although 6SA does it positively but to a
lesser extent than 4SA. In average, 4SA+6SA reduces the
accommodation response by approximately 20% .
Conclusions
The hyperbolic shape of both surfaces of the lens produces a
decrease of 4SA and an increase of 6SA which apparently
reduces the accommodation response. However, the lag of
accommodation originated should not necessarily be associated with a loss of image quality, but just the opposite: a
natural consequence of forming clear images at the retina.

Conclusions
The natural level of adaptation coincides with that produced
by the subjects‟ own wave aberration, and the difference
(gray-natural) is lower than that produced by other subjects‟
natural aberrations, indicating that subjects are adapted to
their own aberrations. Adaptive optics allows to remove and
manipulate ocular aberrations and is an ideal tool in experiments aiming at understanding neural adaptation to blur.

References
[1] S. Plainis, S., et al., Journal of Vision, 7, 466-477, 2005.
[2] N. López-Gil, et al., IOVS, 49, 1736-1743, 2008.
[3] M. Dubbelman, M., et al., Vision Res., 45, 117-132,
2005.
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BINOCULAR SUMMATION AS A FUNCTION OF THE INDUCED SPHERICAL ABERRATION STUDIED WITH A BINOCULAR ADAPTIVE OPTICS VISUAL SIMULATOR
C. Schwarz, E. J. Fernández, P. M. Prieto and P. Artal
Laboratorio de Óptica, Universidad de Murcia, Campus de
Espinardo (Ed. CiOyN),30071 Murcia, SPAIN;
e-mail: christina.schwarz@um.es

12:15
EFFECT OF SPHERICAL REFRACTIVE ERROR ON LANDOLT
RING ACUITY
M. Menozzi
ETH Zürich, Technology and Innovation Management, Zürich,
Switzerland
e-mail: mmenozzi@ethz.ch
Summary
We investigated the effect of spherical refractive error on
Landolt ring acuity, when measurements are carried out following ISO 8956:2009 standard.

Summary
The impact of spherical aberration on binocular vision was
studied by means of a binocular adaptive optics visual simulator [1] fully capable to manipulate the optical aberrations
of both eyes simultaneously while the subject performs visual
testing.

Introduction
Some techniques in subjective refraction refer on a rule of
thumb stating halving of decimal acuity every step of 0.5 in
refractive error. The rule of thumb is documented in various
textbooks [e.g. 1]. Many studies have reported about the
effect of spherical refractive error on acuity. However, the
literature lacks of studies, in which the effect of spherical refractive error on acuity was investigated using the Landolt
ring optotype and the methods listed in the ISO 8956:2009
document “Standard optotype and its presentation”. ISO
8956:2009 explicitly mentions that this standard is not for use
in clinical practice. However, globalization of interests, such as
occupational health in international companies, occupational
safety, development of “visual” products, such as lenses, may
draw a major benefit from using a standardized assessment
of visual acuity. Most efficient way to achieve such a demand
is to use standards already in place as the ISO 8956:2009.

Introduction
In recent years adaptive optics systems have been developed
to manipulate the optical aberrations of the human eye [2]
while vision under the controlled optics was tested. These instruments have been used to study the impact of different
types of optical aberrations on monocular vision. However,
under natural conditions, binocular interactions may play a
major role. For example, realistic evaluations of depth of
focus are only possible under actual binocular vision. Therefore, a binocular adaptive optics visual simulator was used to
determine the binocular summation for different combinations
of induced spherical aberration in both eyes.
Discussion
Monocular and binocular visual acuity (VA) was measured by
means of a tumbling E test in monochromatic light. Binocular
summation as the ratio of the binocular and mean (or maximum) monocular VA was determined for series of combinations of spherical aberration and defocus induced in each
eye. Subjective binocular depth of focus was also estimated.

Method and results
Using 24 subjects, we determined acuity as function of spherical refractive error. Trial lenses of powers ranging from 0 D
to +4 D were installed into the spectacle plane of the subjects. Measurement of acuity followed above mentioned ISO
standard. Results show a linear variation of logMAR acuity
with spherical power of refractive error. Linearity is improved, after eliminating measurements acquired using refractive errors of less than 0.5 D. Reevaluation of results show
that resolution of measurement of acuity is also achievable by
increasing severity of termination criterion as stated in ISO
8956:2009, i. e. increasing termination criterion from 3 out of
5 to 4 out of 5 correct readings. Our results deviate from
above mentioned rule of thumb, as decimal acuity is not
halved but reduces to 65% for each step of 0.5 D of spherical refractive error.

Conclusions
We used a binocular adaptive optics visual simulator to determine the binocular summation and depth of focus under
binocular conditions for different combinations of spherical
aberration.
References
[1] E. J. Fernández, P. M. Prieto, P. Artal, Opt. Lett., 34, 2628
-2630 (2009).
[2] E. J. Fernández, S. Manzanera, P. Piers, P. Artal, J. Refract. Surg., 18, 634-638 (2002).

Conclusions
If above mentioned rule of thumb used in subjective refraction
is adjusted considering our results, we may expect an improvement in subjective refraction in terms of duration and
precision. When using an acuity chart presenting a fix number
different sizes of optotypes, resolution of measurement of
acuity can be increased by application of a more severe
termination criterion. Non linearity in variation of logMAR
acuity with spherical refractive error is due to depth of focus,
which, in our case is less than 0.5 D. Our results find application in design of ophthalmic lenses.
Reference
[1] H. Diepes, Refraktionsbestimmung, 2.nd edition, Bode Verlag, Pforzheim, 1975.
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12:30
UNBIASED ESTIMATION OF REFRACTIVE STATE OF ABERRATED EYES
J. Martin, B. Vasudevan, N. Himebaugh, A. Bradley, L. Thibos,
Indiana University, School of Optometry, Bloomington, IN
47405 USA;
e-mail: thibos@indiana.edu

12:45
OBJECTIVE REFRACTION FROM ABERRATIONS: RAYS (FINITE)
VERSUS WAVEFRONT (DIFFERENTIAL) GEOMETRY
R. Navarro
Consejo Superior de Investigaciones Científicas & Universidad
de Zaragoza, ICMA, 50009 Zaragoza, Spain;
e-mail: rafaelnb@unizar.es

Summary
Objective determination of the eye‟s refractive state by
wavefront aberrometry is potentially biased for a variety of
reasons. Results from an experiment designed to eliminate
most sources of bias indicate that wavefront aberrometry can
accurately determine the target vergence that optimizes retinal image quality and visual acuity.

Introduction
The problem of measuring the objective refractive error with
an aberrometer has shown to be more elusive than expected.
Several image quality metrics, such as the Strehl ratio, can be
successfully applied, but involve (two) non linear transforms
from the aberrometric data, thus precluding direct feedbacks.
The purpose of this work is to propose a theoretical framework to determine the refractive error directly from the
wavefront (wave optics) or even from the raw aberrometric
data (ray optics).

Introduction and Methods
Accurate and precise measurement of the aberrated eye‟s
refractive state is a major objective of wavefront aberrometry [1]. Confounding factors that might bias the comparison of
objective with subjective measurements include (1) use of
monochromatic infrared light for aberrometry, (2) use of
polychromatic visible light for subjective measurement of refractive state, (3) biased (hyperfocal) methods of subjective
refraction, (4) inappropriate accommodation (“instrument
myopia”) during aberrometry, (5) unmatched pupil sizes, (6)
retinal reflection during aberrometry from layers other than
the photoreceptor apertures, (7) wavefront refraction methods that fail to maximize retinal image quality or visual performance. The present study was designed to minimize the
impact of these confounding factors.
We define refractive state as the target vergence required
to maximize retinal image quality [2]. We assumed that retinal image quality is maximized when visual acuity is maximized [3]. Refractive states of 20 cyclopleged eyes with 6mm
pupils were measured subjectively by determining the target
vergence that maximized visual acuity for monochromatic
letters at the same wavelength (635nm) used for aberrometry. Objective measurements of refractive state were determined computationally from measured wavefront aberrations
by maximizing 31 different metrics of image quality [1]. Accuracy was quantified as objective refractive state minus subjective refractive state.

Methods and Results
The local curvature of the wavefront (W) can be estimated
from the two fundamental quadratic forms (2x2 matrices) of
differential geometry. With a good approximation, the 2nd
form, a symmetric matrix whose elements are proportional to
the second derivatives of W represents an infinitesimal elliptical wavefront fully characterized by a refractive error
(sphere, cylinder and axis.) In a previous work [1], the vergence error of a ray was also defined as a 2x2 matrix, but
the elements where finite (instead of differential) ratios between image and pupil coordinates (X‟/x, Y‟/y, etc.) Vergence error and wavefront curvature provide quite similar
measures of refractive error (ray or infinitesimal wavefront
respectively.) A refractive correction producing a nearly
maximum contrast (Strehl ratio) is obtained by cancelling either vergence or curvature for the highest number of rays.
Wavefront curvature has a more rigorous formulation, but
vergence error of rays seems to be more robust in practice.
Conclusion
The proposed formulation of refractive error as a 2x2 matrix
permits a direct link with both differential geometry of the
wavefront (curvature) and geometrical optics (vergence error)
of rays. One can choose different possible corrections and
make approximated estimations of image quality.

Results
Population mean accuracy of objective refractive state varied
from +0.3 to – 0.4 diopters, depending on the metric of retinal image quality. More than half of the metrics were accurate to within ±0.1 diopter. Mean accuracy for most metrics
was not significantly different from zero, indicating unbiased
estimation of refractive state. Eleven metrics were rejected as
biased, including Zernike and Seidel refractions.

Reference
[1]. R. Navarro, J. Biomed. Opt. 14, 024021, 2009.

Supported by grant FIS2008-00697 and network SAF200801114-E.

Conclusion
Unbiased estimation of refractive state is possible using
wavefront aberrometry.
References
[1] Thibos, Hong, Bradley, & Applegate (2004). J. Vision, 4,
329-351.
[2] Lopez-Gil, Fernandez-Sanchez, Thibos, Montes-Mico.
(2009). J. Optom. 2, 223-234.
[3] Ravikumar, Thibos & Bradley (2008). JOSA-A 25, 23952407.
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15:00
PERFORMANCE ASPECTS OF A MAGNETIC DEFORMABLE
MIRROR IN ADAPTIVE OPTICS
R. Blendowske and H. Kloess
FB Mathematik und Naturwissenschaften, Hochschule Darmstadt, Haardtring 100, 64295 Darmstadt, Germany
e-mail: Ralf.Blendowske@h-da.de

15:15
TEMPORAL RESPONSE OF THE MIRAO52 DEFORMABLE MIRROR EVALUATED USING AN ADAPTIVE OPTICS SLO INSTRUMENT
E. Odlund1,2, A Meadway2, S. Tuohy2, N. Chateau1, A. Gh.
Podoleanu2
1 Imagine Eyes, 18 Rue Charles de Gaulle, 91400 Orsay,
France;
2 Applied Optics Group, School of Physical Sciences,
University of Kent, Ingram Building, Canterbury,
Kent CT2 7NH, United Kingdom
e-mail: eodlund@imagine-eyes.com

We investigated a deformable mirror with 52 magnetic actuators (Mirao 52e, Imagine Eyes) whose electronic driver has
been upgraded by Imagine Eyes for an improved temporal
performance.
Field programmable gate array (FPGA) technology
(SiliconSoftware) has been applied together with a VGA
200 Hz camera (Jai-Pulnix) to evaluate the temporal response to various signal forms. While these investigations are
performed in open-loop modus, the closed-loop characteristics were considered as well for closed-loop frequencies of at
least 30 Hz. Both, synchronous and asynchronous driving modi,
are applied to study the performance differences.

Summary
An electromagnetic deformable mirror (DM), mirao52-e
(Imagine Eyes, France) was used in a combined adaptive optics (AO) – scanning laser ophthalmoscope (SLO) system for
retinal imaging. The mirrors temporal response was qualitatively evaluated in terms of image quality for two different
DM control modes.
Introduction
The mirao52-e is a 52 actuator electromagnetic DM with the
possibility to correct for wavefront deformations up to 50μm,
with a resolution of 10−20nm [1]. Many reports have already
proven the suitability of such DM in ophthalmic applications
[2]. For such applications we have developed a new filtered
control mode to improve the DMs temporal behavior, based
on analysis of the temporal response provided by the wavefront root mean square error (RMS) [3].

Contrary to recent findings (Zou and Burns, Optical Express
2009), it is shown that the mirror acts extremely linear regarding applied voltages. Regarding the “High-accuracy
wavefront control with Adaptive-Influence-Matrix Adaptive
Optics” claimed by the same authors we show that with a
generic adaptive optic system, i.e. one mirror instead of a
woofer-tweeter-system of 2 mirrors, we achieve at least the
same results regarding convergence speed and final correction quality. Because this comparison is based on static aberrations with RMS values of some microns, the mirror was also
successfully applied in a closed-loop modus to correct for
keratoconus induced aberrations in the human eye of the
same magnitude.

Discussion
In the current study, the temporal response of the DM is evaluated in an AO-SLO system operating at a frame rate of
3.5Hz with an AO closed loop running at 23Hz. A clear difference in the quality of in-vivo retinal images is noticed for
the improved DM control mode compared to the previous
unfiltered control. A quantitative analysis completes the study,
by using the same imaging set-up for 1D scanning of a stationary scattering object and observing the effects of DM
correction when applying a repetitive 1μm defocus aberration.
Conclusion
The results show a good correspondence between the temporal behavior of the DM described by wavefront RMS, and
image artifacts due to the deformation of the DM at each
correction. This validates the RMS as a useful parameter in
dynamics‟ characterization of DMs.
References
[1] E. J. Fernandez, L. Vabre, B. Hermann, A. Unterhuber, B.
Povazay, and W. Drexler, Opt. Express, 14, 8900–8917
(2006).
[2] E. Dalimier and C. Dainty , Opt. Express , 13, 4275-4285
(2005).
[3] E. Odlund, M. Navarro, E. Lavergne, F. Martins, X. Levecq,
and A. Dubra. Proceedings of 1st Canterbury Workshop
on Optical Coherence Tomography and Adaptive Optics,
A. Podoleanu, ed. (SPIE, 2008) pp.713912-713922.
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IN VIVO TWO-PHOTON IMAGING OF MACAQUE RETINA
David R. Williams1, Jennifer J Hunter1, William H Merigan1, Benjamin Masella1, Alfredo Dubra1, Robin Sharma1, Lu Yin1,
Grazyna Palczewska2, and Krzysztof Palczewski2,3
1 Center for Visual Science, University of Rochester, Rochester, NY, USA;
2 Polgenix, Inc. Cleveland, OH, USA;
3 Department of Pharmacology, Case Western Reserve University, Cleveland, OH, USA
e-mail: david@cvs.rochester.edu
Summary
We have developed an adaptive optics scanning laser ophthalmoscope that is capable of imaging fluorophores intrinsic in the
living primate retina using two photon excitation. This method allows us to measure the response of single cone photoreceptors
to light.
Introduction
A cascade of molecular events in the photoreceptor/RPE complex are critically important for vision, yet, except for retinal
densitometry, we currently have no tools available to observe these events in the living eye. In vivo two-photon fluorescence
has the potential to image molecular events in the living primate retina that are otherwise inaccessible. Challenges to the use
of this method include the low numerical aperture for the eye, its poor optical quality, and the possibly damaging light levels
required for two-photon excitation.
Methods
Images were acquired with an adaptive optics scanning laser ophthalmoscope equipped with a dispersion-compensated
Ti:Sapph laser source tuned to 730 nm. Adaptive optics produced a near-diffraction limited excitation spot on the retina, reducing the incident flux required to generate a two-photon signal. We collected from the retina a very weak two-photon emission between 390 nm and 550 nm, using frame averaging to increase the signal to noise ratio (SNR). Eye motion during imaging was corrected using simultaneously-acquired high SNR near-infrared reflectance images.
Results
We were able to obtain two photon images at light levels that did not produce observable retinal damage. Two-photon fluorescence images reveal an array of bright spots corresponding to the inner segments of cone photoreceptors observed in reflectance imaging. The intensity of the two-photon signal increases significantly with photopigment bleaching.
Conclusion
While the specific fluorophore(s) responsible for the signal we observe have not been identified definitively, retinol and NADH
are possible candidates. In any case, two photon imaging provides a novel way to examine functional changes in cone photoreceptors in response to light exposure.
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16:30
CELLULAR-RESOLUTION IMAGING IN PATHOLOGICAL RETINAS USING THE RTX1 ADAPTIVE OPTICS RETINAL CAMERA
L. Vabre1, K. Nakashima2, M. Pâques2, B. Lamory1, N. Chateau1, J. Sahel2
1 Imagine Eyes, 18 rue Charles de Gaulle, 91400 Orsay,
France;
2 CIC 503, INSERM & Quinze-Vingts National Eye Hospital,
Paris, France
e-mail: lvabre@imagine-eyes.com

16:45
NON-INVASIVE DUAL-CONJUGATE ADAPTIVE OPTICS IMAGING OF RETINAL CAPILLARIES
Z. Popovic1, P. Knutsson1, J. Thaung1, M. Owner-Petersen2
1 University of Gothenburg, Department of Ophthalmology,
Mölndal, 43180, Sweden;
2 Lund University, Telescope Group, Lund, 22100, Sweden
e-mail: zoran@oft.gu.se
Summary
We demonstrate the potential of a dual-conjugate adaptive
optics (DCAO) instrument [1], utilizing high resolution over a
wide field-of-view, for non-invasive imaging of retinal capillaries. The increased field of view of this instrument opens up
new possibilities for high-resolution non-invasive clinical imaging of retinal capillaries.

Summary
This research aimed at exploring and characterizing in vivo
differences between healthy and pathological retinal tissues
at the microscopic scale using a compact adaptive optics (AO)
retinal camera.
Methods
Tests were performed in 99 healthy eyes and 169 eyes suffering from 19 different pathological conditions, including
age-related maculopathy, central vein occlusion, glaucoma
and several diseases classified as rare such as inherited retinal dystrophies. Each patient was first examined using SDOCT and infrared SLO. Retinal areas of4x4 deg were imaged using an AO flood-illumination retinal camera (rtx1,
Imagine Eyes, France), based on a Shack-Hartmann sensor
and a large-stroke electromagnetic deformable mirror. While
the AO system was compensating for the eye‟s optical defects, the instrument camera was focused at the cone photoreceptor layer and a series of 40 rough images were obtained
by exposing the retina to 9 ms near-infrared flashes. An image with enhanced contrast was computed by registering and
averaging rough images using classical algorithms.

Introduction
Imaging of retinal capillaries is a difficult task due to their
small size (down to approximately 5 μm), low contrast, and
that they are arranged in multiple planes of varying retinal
depth. Even good quality color fundus photography fails to
capture any of the finest capillary details. Fluorescein angiography (FA) is the gold standard for capillary imaging,
but it is not performed on normal eyes due to a small risk for
adverse reactions [2]. The introduction of adaptive optics in
vision research [3] has opened up new possibilities for retinal
imaging, allowing high-resolution and highcontrast imaging of
retinal features on the order of microns.
Discussion
Performance of the DCAO instrument is compared to other methods of non-invasive adaptive
optics imaging of the retinal
capillary network [4,5]. It is potentially well suited as a complement to FA, allowing for frequent
noninvasive imaging of retinal
capillaries.

Results
Cellular-resolution images could be obtained in most cases. In
age-related maculopathy, AO images revealed granular
contents in drusen, which could not be seen in SLO or OCT
images, and allowed to check the aspect of the cone mosaic
between drusen areas. In central vein occlusion cases, after
edema had regressed, AO enabled to verify the integrity of
the cone mosaic. In several glaucoma cases, losses in visual
field appeared to be related to changes in cone visibility. In
inherited retinal dystrophies, AO helped to better evaluate
losses of cone cells across the retina. Other microstructures,
slightly larger in size than cones, were also visible in several
pathological retinas.

Conclusions
1. Example image of idenThe concept of DCAO imaging, Fig.
tified capillaries surrounding
yielding high resolution over a the FAZ.
wide field-of-view, is well suited
for non-invasive imaging of retinal capillaries (Fig. 1). A robust and effective routine has been developed for morphological analysis of the foveal avascular zone (FAZ) and the
surrounding capillary network.

Conclusion
In several cases, AO provided useful diagnosis and prognosis
information that could not be obtained from other imaging
techniques. In addition to cones, other microscopic structures
revealed in AO images may also be of interest as potential
biomarkers for monitoring retinal diseases.
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17:00
RETINAL FUNDUS IMAGING WITH POLARIZATION AND EFFECTS OF AGING
J. M. Bueno1, C. J. Cookson2, M. L. Kisilak2, J. Hunter2, M. C.
W. Campbell2
1 Laboratorio de Óptica, Universidad de Murcia, Spain;
2 Dept. of Physics and Astronomy, University of Waterloo,
Canada; e-mail: bueno@um.es

NOTES

Summary
We explore the quality of fundus images obtained with a
polarimetric scanning laser ophthalmoscope (P-SLO) as a
function of the polarization state and the age of subjects. The
improvement in images obtained when taking into account the
Stokes vector intensity (S0) and the degree of polarization
(DOP) images is also presented.
Introduction
Polarization properties of the eye are mainly used to detect
glaucoma in clinical environments, but these can also be used
to improve images of different areas of healthy retinas [1], to
enhance the contrast of retinal blood vessels [2] and to emphasize retinal features in eyes of subjects with pathology [3].
Moreover ocular polarization properties change in disease
and with age. The aim of this work is to study how human
retinal fundus images are affected by the polarization of the
imaging light and with aging.
Methods
We used a P-SLO to collect images of the retinal fundus for 4
independent polarization states in the recording pathway.
From these images, the spatially resolved Stokes vector was
calculated. The quality of these original images was computed using different metrics and compared to that of S0 image as well as to the DOP image.
Results
The quality of the original fundus images depended on both
the subject and the polarization state. No correlation between
age and the polarization state providing the best image was
found. However, both the S0 and the DOP images presented
better quality than any of the original ones and the extent of
this improvement increased with age. In addition, the DOP of
the images showed a significant dependence on age.
Conclusions
The use of the Stokes-Mueller polarimetric formalism provides
an improvement in retinal fundus imaging which is more noticeable with age increase. This is likely due to the changing
DOP with age. Polarization imaging may be useful for visualizing clinically important retinal structures, especially in aged
eyes, more prone to disease.
References
[1] J. M. Bueno and M. C. W. Campbell, Opt. Lett., 27, 830,
2002.
[2] A.Weber, et al., Opt. Express, 12, 5178, 2004.
[3] S. A. Burns, et al., Invest. Ophthalmol. Vis. Sci., 44, 4061,
2003.
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DISCUSSION: MEASURING REFRACTIVE STATE AND OPTICAL QUALITY OF THE EYE ACROSS THE VISUAL FIELD
Moderator: Larry N. Thibos, Indiana University (US)

17:15 - 18:15
Speakers:
Larry N. Thibos, Indiana University (US)
David A. Atchison, Queensland University of Technology (AU)
Linda Lundström, Royal Institute of Technology (SE)
Summary
Maintaining a well-focused, high-quality retinal image across the entire visual field is advantageous for daily visual tasks such
as driving, locomotion, and object detection. The clinical importance of peripheral optical quality of eyes has become increasingly evident from animal and human studies suggesting a possible link to the development of central refractive error. Thus
there is a need for reliable methodologies for determining the refractive state and optical quality of the eye for peripheral
lines of sight. Traditional methods for subjective refraction are more difficult to apply in the periphery because of large aberrations and reduced retinal function, which increases the demand for objective techniques.
Expanding the domain of visual optics research to include peripheral vision presents many challenges with a long and distinguished history. Although paraxial measurement of sphero-cylindrical refractive errors is straightforward, analysis of off-axis
wavefront aberrations over the full pupil is more complicated than for central vision because of the elliptical shape of the
eye‟s entrance pupil and increased levels of monochromatic and chromatic aberrations. Peripheral aberrations vary between
individuals and are especially affected by conditions such as keratoconus, ageing, and on-axis myopia. Curvature of the retina
may compensate or exacerbate the curvature of field of the eye‟s optical system to produce habitual defocus when accommodation is relaxed. Although accommodation is stimulated primarily by central vision, it affects the entire visual field by an
amount that varies with eccentricity. By accommodating to foveal stimuli, the eye is typically misfocused for peripheral objects,
which influences the determination of refractive error as the difference between target vergence and refractive state. Better
methods are also needed for evaluating different types of optical correction and their effects (intended or accidental) on peripheral image quality. Spectacles, soft and rigid contact lenses, orthokeratology, LASIK, and IOLs can all be used to manipulate the eye‟s curvature of field for therapeutic purposes, but the tradeoff between field curvature and off-axis image quality
may limit their effectiveness.
The purpose of the symposium is to discuss recent advances in this field and to engage audience discussion of the topics raised.

NOTES
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PROFILES OF INTERVAL BOUNDS AROUND THE
COORDINATES OF ASTIGMATIC POWERS
H. Abelman and S. Abelman
University of the Witwatersrand, Johannesburg, School of
Computational and Applied Mathematics, Private Bag 3,
Wits, 2050 South Africa.
e-mail: Herven.Abelman@wits.ac.za

AN OPTO-MECHANICAL MODEL OF THE
ACCOMMODATING AND AGING HUMAN EYE
S. Riehemann, PhD1, M. Palme, PhD1, T. Peschel, PhD1, K. Kunert, MD2, G. Notni, PhD1, M. Blum, MD2
1 Fraunhofer IOF, Jena, Germany
2 Department of Ophthalmology, Helios Hospital,
Erfurt, Germany

Summary
Sphere, cylinder and axis are measured with an uncertainty
that is best represented by interval bounds estimated and
analyzed as coordinates of the power matrix. This study determines the bounds, notes their characteristics and assesses
their appropriateness from profiles for error intervals over
powers and all axis angles.

Corresponding author: Stefan Riehemann, PhD
Fraunhofer Institute for Applied Optics
and Precision Engineering (IOF)
Albert-Einstein-Str. 7
07745 Jena, Germany
Tel. +49-3641-807-236
e-mail: stefan.riehemann@iof.fraunhofer.de

Introduction
Cylinder thin lens powers and their corresponding axes define the matrix astigmatic coordinates. Plots of powers and
surrounding error cells then produce optimal coordinates over
domains of axis angles. Upper and lower bounds around
selected lens cylinder powers reveal profiles of uncertainty
intervals around astigmatic coordinates for all cylinder axes.
Interval bounds for all powers of scalar lenses are invariant
with cylinder angle.

Abstract
The objective of this paper is to create a new accommodating
opto-mechanical model of the aging human eye for basic
optical and mechanical simulations of presbyopia, especially
of the lens.
The lens, consisting of cortex and nucleus, of the aging human
eye is mechanically simulated by an FEM model with the program ANSYS. The model results in physiologically correct
parameters for the age dependent accommodation process.
The results of this mechanical simulation are used as input for
an complete optical eye model, implemented in the software
ZEMAX. The optical performance of the model corresponds
fully with clinical data. The resulting joined opto-mechanical
model describes the accommodation of the aging eye. There
is a high level of correspondence with established optical eye
models of Koretz et al., Dubbelman et al and Norrby. Due to
a different mathematical approach, the model used here
makes it possible to represent the changes in the mechanical
and optical parameters during accommodation and the aging
process.
The presented model describes the optical and mechanical
behavior of the aging human eye during accommodation. The
model is suitable for optical and mechanical simulations with
which, for example, different treatment possibilities for presbyopia can be simulated. The model is approved and verified on the basis of an OCT study with 75 patients (147
eyes).

Discussion
A pair of astigmatic coordinates for a cell where both are
minimal, form a point in the neighbouring error cells. The
same is valid for maximum coordinates. Continuity of lens
astigmatic coordinates is found within quadrants of cylinder
double angles only. In the vicinity of the various quadrant
boundaries of cylinder double angles, a discontinuity of the
optimal lens astigmatic powers can occur.
Conclusions
Despite these aspects, the respective bounds around the astigmatic powers of cylinder lenses have the well-behaved
profiles anticipated over all cylinder axes. Orthogonal and
oblique astigmatic coordinates have profiles that make the
interval around one power minimal whenever the other is
maximal and conversely.
References
[1] Abelman H, Abelman S. J Biomed Opt 14, 014025,2009.
[2] Abelman H, Abelman S. Ophthal Physiol Opt 27, 490499, 2007.
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A PARAMETRIC HUMAN LENS MODEL BASED
ON GEOMETRICAL CONSTRAINTS
S. Giovanzana, G. Savio, R. Meneghello, G. Concheri
University of Padova, D.A.U.R., Padova, 35100, Italy
e-mail: stefano.giovanzana@unipd.it

INFLUENCE OF THE ANTERIO-POSTERIOR HEAD
MOVEMENT ON THE DYNAMIC MEASUREMENT OF
INTRAOCULAR PRESSURE
M. A. Kowalska, H. Kasprzak
Wroclaw University of Technology, Visual Optics Group,
Wroclaw, 50-370, Poland
e-mail: malgorzata.kowalska@pwr.wroc.pl

Summary
An original geometrical interpretation of Chien et al. [1] lens
model, that relate coefficient of (1) and geometrical parameters of the lens, is proposed and validated.

Summary
The aim of this work is to determine the relationships existing
between intraocular pressure variation, anterio-posterior
head movement and pulsatile blood flow. Although during
IOP detection, the head changes significantly its longitudinal
position, the strongest link exists between IOP variation and
pulsatile blood flow.

Introduction
The Chien model [1] described the shape of the human lens
by a parametric function (1) for both the anterior and posterior surfaces, where the coefficients bi are derived by fitting
an MRI image. An alternative derivation of the coefficients (2)
based on explicit geometrical constrains is proposed: 1) curvatures in optical centres of anterior and posterior surfaces
Ra and Rp, 2) thicknesses of anterior and posterior surfaces
ta and tp, 3) equatorial radius Req, 4) minimum curvature
radius for the anterior surface in the equatorial section, 5)
equal curvatures radius of anterior and posterior surfaces in
the equatorial section. Shape, curvature and LSA is computed
and compared with other models.

Introduction
Dynamic measurements of intraocular pressure (IOP) and ocular pulse amplitude (OPA) can be of interests for glaucoma
diagnostic [1] and study of refractive error development [2].
Since amplitude of the natural anterio-posterior head movements in a standard ophthalmic headrest can typically be in
the range of about 100 µm [3], we decided to examine the
influence of head displacements on IOP and OPA measurements.

Discussion
In shape analysis RMS errors against Hermans [2] model,
derived from MRI and Scheimpflug photography, for anterior
5 mm and posterior 4 mm zone are 0.0030 and 0.0009 mm
respectively. Differences can be seen near to the junction
zone. The curvature of the purposed model beside Hermans
and Kasprzak [3] models has been analysed. LSA analysis is
also given, comparing the proposed model with Navarro et
al. [4] homogeneous lens and Gullstrand N. 1 [5] lens models
(Fig. 1).

Materials and Methods
Dynamic Pascal tonometer was used to detect IOP variations
for five healthy subjects, placed in a standard ophthalmic
headrest. During 10s of measurement, anterio-posterior
movements of subject‟s head as well as of the headrest frame
were registered using ultrasonic distance sensors. Synchronically, pulsatile earlobe blood flow was monitored. All of the
acquired signals were sampled at 100Hz. Spectral and coherence analysis were performed to examine relationships
between registered signals.
Discussion and Conclusions
Anterio-posterior movement of the head mounted in a headrest was usually linked to the natural respiration frequency
and its amplitude reached up to 300 µm. Mean OPA was in
the range of 2-3 mmHg. Coherence analysis showed that the
closest correlation usually exists between IOP variations and
earlobe blood flow at the fundamental pulse frequency and
its first three harmonics. However, for higher frequency components, IOP-head movement relationship turn out to be significant.

Conclusions
Both geometrical and optical behaviour of the model are in
good agreement with literature. This model can be used for
better analyse the growing patterns of nucleus and cortex.
Furthermore the model is characterized by a continuous curvature and can be applied to the study of optical or biomechanical properties.
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IMPORTANCE OF SPHERICAL AND CHROMATIC
ABERRATION ON THE ACCOMMODATIVE RESPONSE
A. Lindskoog Pettersson1, M. Wahlberg1, R. Rosén2,
R. Brautaset1
1 Karolinska Institutet, Department of Clinical Neuroscience,
Unit of optometry, Stockholm, 104 20, Sweden.
2 Biomedical and X-ray Physics, Department of Physics,
Royal Institute of Technology, Stockholm, Sweden
e-mail: anna.lindskoog.pettersson@ste.ki.se,
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A NON-STATIONARY MODEL FOR SIMULATING THE
DYNAMICS OF OCULAR ABERRATIONS
C. Leahy, C. Dainty
NUI Galway, School of Physics, Galway, Ireland
e-mail: c.leahy2@nuigalway.ie
Summary We present a non-stationary modelling approach
based on a coloured-noise generator, which can be applied
to ocular aberration dynamics. We show data simulated from
the model, which we validate by comparison to observed
data. Finally, we discuss possible extensions to the model,
along with some potential applications.

Summary
The aim of this study was to evaluate the accommodation
response under both mono- and polychromatic light while
varying the amount of spherical aberration. The analysis
showed no significant influence on accommodative response
time, velocity and lag when reducing spherical aberrations
and/or when accommodation was peroformed in moochromatic light.

Introduction
The time-evolution of ocular aberrations has been the subject
of many studies [1,2], however there has not been much discussion involving the modelling of the underlying temporal
statistics. This work comprises a non-stationary modelling approach that can be applied to ocular aberrations. The model
is based on the generation of “coloured” noise [3], and its
parameters are computed from measured aberrometer data.
A custom-built aberrometer based on a Shack-Hartmann sensor was used for measurement.

Introduction
Retinal blur is a cue to reflex accommodation in order to determine the amount of change that is needed to clear the retinal image. However, it is thought that chromatic aberration
and spherical aberration are directional cues for the accommodative system [1]. Monochromatic light will reduce directional information to the accommodative system and could
affect response time, velocity or lag. Changes in spherical
aberration towards negative values are also thought to reduce directional information and reduce accommodative efficiency. Spherical aberrations are often eliminated in modern
contact lenses in order to enhance image quality in the unaccommodated eye. In this study accommodation was measured
with a PowerRefractor with trial frame correction and with a
spherical aberration controlled contact lens (-0.15μm) in
polychromatic and monochromatic light (580-585 nm).

Discussion
Our simulated data is derived from power spectral density
measures computed from observed data. We illustrate how
the slope of the power spectral density at low frequencies is
related to the temporal stationarity of the data. This enables
us to produce simulated aberration dynamics that are nonstationary. We discuss the dependence of dynamic aberrations on the mean level of accommodative effort, and suggest
how this dependence may be incorporated into the model.
Conclusions
We have developed a model for dynamic ocular aberrations,
and provided simulations based on this modelling approach.
We validated these simulations through comparison to observed data. Time-frequency coherence analysis shows that
the model can be used to produce simulations that closely
mimic the dynamics of measured ocular aberration dynamics.
This work could be useful in areas such as testing of ophthalmic devices and the development of improved algorithms for
laser refractive surgery.

Discussion
Previously studies have showed that monochromatic light will
reduce directional cues to the accommodative system and
therefore affect the accuracy of accommodation [2]. Theagarayan et al. (2009) [3] found that the accommodative response curve was affected when altering spherical aberration. Our results did not support this since the accommodation
response did not change when reducing spherical aberration.
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Conclusions
It is unlikely that spherical and chromatic aberration are directional cues to accommodation since eliminating one or the
other, or both does not change accommodative response time,
velocity or lag.
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THE LOWERING OF EFFICIENCY OF VISUAL SYSTEM IN
COURSE OF DIABETES MELLITUS TYPE I
R. Szuba, P. Tomczak
Adam Mickiewicz University, Faculty of Physics, Laboratory of
Vision Science and Optometry, Poznan, 61614, Poland
e-mail: trebor@amu.edu.pl

ROBUSTNESS OF THE CRYSTALLINE LENS GRIN PROFILE IN A
SCHEMATIC EYE MODEL
J. A. Díaz1, N. Blazejewski1, J. Fernández–Dorado2, J. Arasa3,
F. Sorroche1, C. Pizarro3,
¹ Departamento de Óptica. Universidad de Granada. Edificio Mecenas, 18071 Granada, Spain
² SnellOptics, Prat de la Riba, 35, 08222 Terrassa, Spain
³ Center for Sensors, Instrumentation and Systems Development (CD6), Universitat Politècnica de Cataluña, Rambla Sant
Nebridi 10, 08222 Terrassa, Spain

Summary
The present optometric investigation of binocular vision points
to some disorder of visual system in diabetic patients.
Introduction
The neuropathy, as a rsult of diabetetes mellitus, compromises
vision process. To characterize this, accommodation, phoria
and vergence amplitudes was measured in diabetic patients.
The obtained values were compared with those measured for
healthy persons.

Introduction
It is well known that the lens has a gradient index (GRIN) profile. Nowadays an important number of experimental studies
have been carried out in order to characterize this GRIN profile. Moreover, the geometry of the lens and the cornea
changes with the age of the subject and, in the case of lens,
also GRIN profile changes. These evidences and the collected
biometric data lead us to model the optical image in our retina, through realistic human eye models not having symmetry
of revolution around the visual axis.
Recently a relaxed schematic eye model useful for emmetropric subjects has been published. This model uses a single GRIN profile for the lens and it‟s able to take into account
the age‟s dependence of the biometric ocular data. Despite
of this, the model, and in a first approach, has the cornea as
an element with rotational symmetry, i.e. it is not astigmatic,
even experimental data shows that the cornea does not have
symmetry of revolution. Thus, it‟s interesting to study whether
the eye model‟s failure at low spatial frequencies can be attributed at the corneal modeling. It‟s necessary, also, take into
account those works that postulate that, with the age, the
changes introduced in the cornea‟s aberrations are compensated with the lens‟ aberrations, and this effect is related with
the misalignment and / or the tilt of both elements with respect to the iris. In fact, the iris misalignment, alone, could
affect the image quality because it puts the system‟s visual
axis off of the eye optical axis. To perform the study, we
have used the biometric data of the corneal astigmatism combined with the best iris and lens position, and check if the
model improves the goodness of image quality‟s prediction.

Discussion
The accommodation of diabetic patients was limited as
compared to healthy persons (stated also in [3]). Significant
differences were observed also in the exophoria at near
distance (aproximately 15% above Morgan's norm).
Additionaly, the values of vergence amplitudes, the range of
recovery point and the ability of phoria compensation are
significantly statisticaly different in both groups.
Conclusions
As far as measured parameters are concerned, diabetes
influents on visual system. The investigation of binocular vision
may be used to prognose and evaluate neuropathic changes.
On can state, that activity of nervous system may be
burdened with diabetes mellitus. The results of investigation of
binocular vision may by used to prognose and monitor
possible neuropathic changes.
References
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Results
We have tested that the decenter and tilt for the iris and lens
are enough to adjust the experimental data reported by different authors with the model. It is noteworthy that both, the
iris and the lens, maintains its original position in terms of tilt.
This result agrees with published works and, therefore, could
support the robustness of the proposed model for GRIN lens
profile in the schematic model since the decentration ant tilt of
the lens seem to be more decisive to predict the image quality. Moreover, the authors are currently working on the possibility of using the eye model to customize the eyes of real
subjects.
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PERFORMANCE OF MULTIFOCAL INTRAOCULAR LENSES IN
THE ARTIFICIAL EYE MODEL – PRELIMINARY RESULTS
A. Jóźwik, D. Siedlecki, M. Zając
Wroclaw University of Technology, Institute of Physics, Wroclaw, 50-370, Poland
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FS-LASER PRESBYOPIA TREATMENT IN MINIPIGS ONE YEAR FOLLOW-UP RESULTS
R. Kammel1, R. Ackermann1, S. Buehren1, K. Kunert2, S. Bischoff3, H. Schubert3, O. Pullig4, M. Blum2, S. Nolte1.
1 Friedrich-Schiller-Universitaet Jena, Institut fuer Angewandte
Physik, 07743 Jena, Germany
2 Klinik fuer Augenheilkunde, Lehrkrankenhaus der FriedrichSchiller-Universitaet Jena, Helios-Klinikum Erfurt GmbH,
99089 Erfurt, Germany
3 Friedrich-Schiller-Universitaet Jena, Institut fuer
Versuchstierkunde und Tierschutz, 07743 Jena, Germany
4 Waldkrankenhaus Rudolf-Elle GmbH, Lehrstuhl fuer Orthopaedie der Friedrich-Schiller-Universitaet Jena, 07607 Eisenberg, Germany

Summary
An artificial eye model was created to investigate the performance of intraocular lenses in objective way. It is useful in
measurements of the optical efficiency of different types of
intraocular lenses and estimation the influence of IOL location
in the eye on the quality of vision.
Introduction
The most efficient method of cataract treatment is based on
removing the opaque crystalline lens and replacing it with
artificial implant – intraocular lens (IOL). Retinal image quality depending on IOL type is not easy to measure, because of
difficulty of in vivo research. Nowadays, these analysis are
usually based on the analysis of subjective feeling of the patients with implanted IOL. One of the possibilities to overcome
this limitation and to measure the optical performance of the
IOL objectively is to perform the research in the physical
model of the eye for objective analysis is to measure optical
quality in physical eye model, in conditions similar to the real
one. The optomechanical model of the human eye contains
artificial cornea and a cuvette with immersion liquid. A special
mechanical handle holding the IOL in cuvette enables to move
and rotate the IOL in the cuvette. This solution gives the possibility to simulate errors in the lens implantation procedure.
Discussion
Retinal image quality is described by Line Spread Function
(LSF) and Modulation Transfer Function (MTF) estimated from
the image of an edge. Physical qualities calculated from LSF
and MTF shows that the performance of tested lenses changes
slightly with differences in their design and /or material.

Summary
We studied the in-vivo changes of crystalline lens tissue of an
adapted animal model after non-invasive fs-laser surgery
acting as a possible treatment for presbyopia. No cataract
was induced 12 months after surgery. Histology revealed
permanent laser cuts within lens tissue even with low pulse
energy treatment and no apparent damage of the retina.
Introduction
Up to now there is no satisfactory treatment of presbyopia,
the age-dependent loss of accommodation. To renew the
flexibility of the lens tissue the non-invasive fs-laser surgery
appears as a promising treatment. We investigated whether
fs-laser in-vivo treatment of the crystalline lens causes cataract or unexpected changes in lens structure of an adapted
animal model.
Discussion
The left eyes of ten middle-aged Ellegaard Göttingen
Minipigs® underwent a fs-laser treatment while the right eyes
were left untreated as control. The applied laser pattern covered a volume of 5 x 5 x 3 mm³ containing 7 layers of lines
with separated laser spots. Three pigs were laser treated
with low pulse energy of 1.35 µJ slightly above the threshold
of laser induced optical breakdown while the remainder were
treated with about twice the pulse energy (2.3 µJ).
Follow-ups have been carried out 1 week, 1 month, 3 months,
6 months and 12 months after surgery. Slit lamp examinations
and Scheimpflug images did not show changes in the lens
even 12 months after laser treatment with high pulse energy.
No cataract has been induced. Low pulse energy treatment
was sufficient to realize completely covered layers of laser
spots that did not fade within the observation period. Histology revealed proper laser cuts within the lens tissue and no
apparent damage of the retina.

Conclusions
An artificial eye model allows to investigate the influence
of various IOL parameters on retinal image quality without
need of medical examinations on people. There is possibility
to measure both monofocal and multifocal lenses.
Reference
[1] A. Barcik, J. Nowak, M. Zając, D. Siedlecki, J. Zarówny,
"Physical model of human eye with implantable intraocular lenses", Proc. SPIE, vol. 7141, 71411A-1 -71411A-8,
2008.

Conclusion
Fs-laser treatment of the crystalline lens did not induce cataract in pigs 12 months after surgery. Applied laser spots and
surrounding tissue did not change within the observation period. Since the applied laser patterns did not fade even after
low pulse energy treatment, low pulse energy might be sufficient to create permanent modifications in crystalline lens
structure for a possible treatment for presbyopia.
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TRACKING OF FIXATIONAL EYE MICROMOVEMENTS
THROUGH PUPIL IMAGE SEGMENTATION
A. B. Roig, J. Espinosa, J. Perez, D. Mas and C. Illueca
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Ciencias y Tecnologías, Alicante, PO Box 99, 03080, SPAIN
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NASO-TEMPORAL ASYMMETRY OF PERIPHERAL STATICAND DYNAMIC VISUAL ACUITY
P. R. Lewis1, R. Rosén2, S. Carius1, J. Gustafsson1
1 School of Optometry, Linnæus University, Kalmar, Sweden.
2 Biomedical & X-Ray Physics, KTH, Royal Institute of
Technology, Stockholm, Sweden.
e-mail: peter.lewis@lnu.se

Summary
We present a technique for pupil segmentation and contour
analysis which will provide valuable information about fixational eye movements. The method is based on fitting an ellipse to the pupil contour. Pupillary hippus, microsaccades and
drifts are obtained, as well as cyclotorsional movements.

Summary
Static and dynamic visual acuity was evaluated in the peripheral visual field on normally sighted emmetropes. The results
show a significant asymmetry for both static and dynamic
visual acuity between the nasal and temporal visual fields.

Introduction
The human eye is constantly moving even when it is maintaining a stable fixation point. Stable images on the retina rapidly saturate the photoreceptors and fade. The visual system
needs of constant stimulation to which it adapts. These constant changes are achieved by fixation micromovements consisting of microtremors, drifts and microsaccades.

Introduction
It is well known that visual performance thresholds decrease
rapidly with increasing retinal eccentricity1. This reduction in
performance can be attributed to both optical factors and
reduced neural sampling2-3; the latter being the predominant
limiting factor in the peripheral retina3. Previous studies have
shown that slowly moving stimuli are more easily resolved
than stationary stimuli in the peripheral retina4. There is little
evidence published regarding resolution thresholds for moving stimuli in more than a few limited directions in the visual
field.
In this study, static visual acuity (SVA) and dynamic visual
acuity (DVA) thresholds were measured at 10° intervals both
nasally and temporally on healthy, young emmetropes. DVA
was measured at angular velocities of 1 °/s and 2 °/s using
drifting Gabor patches.

Pupil detection can be used for accurate calculation of eye
position and orientation. It is usually assumed that the optical
axis roughly coincides with the direction of gaze. Thus, accurate determination of pupil center is useful for precise eye
tracking.
Results
A video camera, working at 64 fps, has been attached to a
biomicroscope and the anterior segment of the eye has been
captured. The contour of the pupil has been detected and
fitted to an ellipse. Through its geometrical parameters, we
have studied the spontaneous pupil dilation, microsaccades
and drifts and also cyclotorsions.

Discussion
Static and dynamic visual acuity was measured on the right
eye of emmetropic subjects. Results for SVA showed significantly better resolution in the temporal visual field compared
with the nasal visual field at eccentricities 20° and beyond.
The mean difference in acuity at 20° was approximately 0.2
LogMAR and at 30°, 0.3 LogMAR. The difference between
the thresholds for DVA showed a similar naso-temporal asymmetry; the reduction in DVA paralleling the decrease in SVA
for eccentricities 10° and beyond. No significant differences
were observed between averaged results of SVA and DVA
for the eccentricities tested in this study.

Eye movement has been analyzed by tracking the centre of
the ellipse, (X0,Y0), as can be seen from the figure. Microsaccades can be clearly identified as sudden jumps. These movements are considered small saccades that occur during fixation to keep the image on the fovea and/or to correct displacements in eye position produced by drifts. Their duration
is of about 25 ms (1-2 frames) and they occur 1 or 2 per
second along a
straight path
mainly in the horizontal direction.
Drifts can be seen
as a smooth variation in the position
of the eye. Fine
variations of the
eye position around
the drift path may
come from eye
pulsations or undersampled tremors.

Conclusions
The results of this study confirm previous research conducted
by Frisén (1987) showing better resolution for static stimuli
presented in the temporal visual field compared to the nasal
visual field. We have found that this is also true for DVA.
References
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APPLICATION OF STATISTICAL CONTRASTS TO MEAN
REFRACTIVE STATE
S. Abelman, H. Abelman
School of Computational and Applied Mathematics, University
of the Witwatersrand, Johannesburg, Private Bag 3, Wits,
2050, South Africa.
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SIMULATION OF ABERRATIONS OF AN OPTICAL SYSTEM
OF THE HUMAN EYE
I. H. Chyzh, T. O. Shysha
National Technical University of Ukraine 'Kyiv Polytechnic
Institute', Department of Optical and Optoelectronic Instruments, Kyiv, 03056, Ukraine
e-mail: chyzh@voliacable.com

Summary
We consider whether the instillation of a cycloplegic
(Mydriacyl 1% (tropicamide)) into the right eye of a 30-year
-old female subject would affect the variability of her distance refractive state as measured by an autorefractor. Statistical contrasts are applied to compare mean refractive
states 30 minutes before, just prior to, and 15, 30 and 60
minutes post instillation respectively.

Summary
A doublet model, free of prototypes‟ lacks, is proposed. By
computation of the wave aberration values, it is proved the
ability of the proposed model to simulate the wave aberrations, identical to those arising in the human eye.
Introduction
Through the eye aberrometers errors inefficient accuracy it is
not attained yet that conditions in the sphere of measuring
devices, which would allow ophthalmologists totally trust the
results of objective aberrometry. These circumstances could
not be taken into consideration as satisfactory, which stimulates the search of better methods and apparatus for ophthalmologic aberrometers testing. It is the principal aim of this
work.

Introduction
Using an autorefractor, repeated measurements of refractive
state reveal variability of the refraction. The measurements
were made on a single subject so that conclusions can only be
made about the mean refractive state of that subject. Mutually orthogonal linear contrasts are applied to sample data
to investigate whether the instillation of a cycloplegic into the
right eye of a 30-year-old female subject would affect the
variability of her distance refractive state as measured by an
autorefractor.
Discussion
Let μ1 be the mean refractive state of the right eye of a 30year-old female subject 30 minutes before the instillation of
Mydriacyl, μ2 the mean refractive state of the eye just prior
to instillation, μ3, μ4 and μ5 the mean refractive state of the
eye 15 minutes, 30 minutes and 60 minutes respectively post
instillation. Multivariate statistical methods developed by Harris1, as well as mutually orthogonal linear contrasts discussed
by Sharma2 are implemented and compared where possible.
Hypotheses tests are performed at a 5% and at a 1% level
of significance.
Conclusions
A sample size of 30 measurements per sample is possibly too
small. A larger sample of 30-year-old female subjects with a
variety of spectacle prescriptions should be subjected to the
experimental procedure to draw more concrete conclusions.
Possibly a control group should also be included. A study using Mydriacyl with autorefraction at near rather than at distance would also be useful to obtain a clearer idea of its
cycloplegic efficacy.
References
[1] Harris WF. Testing hypotheses on dioptric power. Optom
Vis Sci 1992 69 835-845.
[2] Sharma S. Applied multivariate techniques. New York:
Wiley, 1996.

Discussion
The system of the aberrator suggested has the
advantages of its prototypes, but it is realized
by
more simple technical
means. When this system had been created it
was expected that the
aberrator should comply with the specific
requirements first. They
are to afford the reconstruction of any types of
aberration modes with
their cosines and sinus
components in the range
of
values from the first to the sixth order (or Zernike polynomial
modes with indexes n=1…6 and m=1…6); to adjust continuously the wave aberration by variation the amplitudes of the
aberration modes over the given range of values; to adjust
the aberrator‟s light losses coefficient in order to reconstruct
the real energetic conditions of human eye aberrometry. The
aberrator system represented on Fig. 1.
Conclusions
The suggested aberrator has been worked out for aberrometers testing compared with its prototypes and analogies it
reproduce the aberratory optical system of human eye more
precisely, this allow to extend and to broaden the range amplitudes to reconstructed aberrations has a stimulating influence on improving the quality of testing of the basic functional parameters of aberrometers.
References
[1] Т.О.Шиша, І.Г Чиж, "Naukovi visti NTUU КPI", № 5, P. 104111, 2009. (http://www.nbuv.gov.ua/portal/natural/
nvkpi/2009_5/14.pdf).
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CLINICAL REFERENCE OF THE OBJECTIVE PERFORMANCE
OF EMMETROPIC EYES
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ASTIGMATISM AND PSEUDOACCOMMODATION IN
PSEUDOPHAKIC EYES
P. M. Serra, M. J. Cox, C. M. Chisholm
University of Bradford, Bradford School of Optometry and
Vision Science, Bradford, BD7 1DP, United Kingdom
e-mail: p.m.serra@bradford.ac.uk
Summary
Advanced IOLs with circumferential zones of different power
provide pseudo-accommodation. We investigated the potential for power variation with meridian, namely astigmatism, to
provide pseudo-accommodation. With appropriate power
and axis orientations, acceptable pseudo-accommodation can
be achieved.

Summary
We present the characterization of the objective average
performance of a set of uncorrected human eyes with a
20/20 visual acuity, described as the resultant average WA,
PSF, MTF, and power refractive maps. This clinical reference
is used to analyze the objective pre and post operated performance in laser refractive surgery.

Introduction
Restoring acceptable visual function for an individual‟s desired tasks is the main aim of cataract surgery. This is usually
achieved by implanting a monofocal intraocular lens (IOL),
calculated to provide optimum distance vision. Near vision is
adversely affected due to the inability of the eye to correct
for the increased object vergence. However there is clinical
evidence of effective levels of distance and near VA in pseudophakic eyes without further optical correction. Different
optical conditions have been advanced as possible sources
for this pseudo-accommodative phenomenon, including pupil
size, depth of focus, higher order aberrations, IOL movement
[1] and astigmatism [2].
We developed a series of representative visual tasks
(distance and near high and low contrast VA, reading speed,
near and distance contrast sensitivity) that were presented to
a group of 5 late presbyopes. The visual performance for the
different tasks was evaluated when using positive cylindrical
lenses (+1.00 and +2.00 DC), simulating simple myopic astigmatism at 3 axis orientations (180, 45 and 90 degrees).

Introduction
Due to the inherent complexity of the human eye, the analysis
and description of its optical performance has been addressed in the literature with different theoretical approaches
and simplifications; depending on the specific features to be
described1. There are also theoretical approaches to explain
the performance of different refractive surgery profiles2.
However, a drawback of these theoretical studies is its weak
relation to clinical reality2. To solve this inconvenience we present the average objective performance of a set of emmetropic eyes that is used as a reference to evaluate the pre
and post operated performance in laser refractive surgery.
Discussion
We analyze a set of 71 untreated 20/20 eyes (38 healthy
male Mexican subjects) with a mean age of 25 years. The
objective performance of our clinical reference was obtained
as the average of the corresponding Zernike coefficients obtained with a Refractive power and corneal analyzer NIDEK
ARK-10000. All the measurements were carried, under the
same conditions and by the same technician, following the
user‟s manual. In all cases, the background illumination was
kept at 3 Lux. The data obtained were used to simulate the
corresponding average Total, HO and LO, WA maps. We
then calculated the PSF, MTF graphs of these average WA
maps and compared its objective performance with the corresponding pre-and post operated maps and graphs for different clinical conditions. We also compare our results with an
ideal diffraction limited optical system.

Discussion
As expected, contrast sensitivity along the meridian of astigmatic blur is affected similarly to spherical defocus. For distance viewing, the strongest degradation in high and low
contrast VA was obtained in the presence of against-the-rule
astigmatism (ATR, 90 deg). With-the-rule astigmatism (WTR,
180 deg) showed the least degradation. For near viewing,
high and low contrast VA ATR astigmatism provided the highest gain in performance compared with oblique (45 deg) and
WTR astigmatism. For reading performance, a much more
complex task, parameters also showed a stronger gain for
the 90 degrees orientation compared to the remaining 2 astigmatic conditions.

Conclusions
The clinical reference gave us a more realistic idea of the
post operated performance in different clinical situations. This
as expected is far from the diffraction limited performance.

Conclusions
Astigmatic blur at different axis orientations induces different
blur effects on the retina influencing the visual task, dependent on the characteristics of the stimulus. Selecting +2.00DC
of with-the-rule astigmatism provides acceptable performance in complex near tasks whilst maintaining useful distance
visual function.

References
[1] L. N. Thibos and A. Bradley, Visual Instrumentation: Optical Design and Engineering Principles, P. Mouroulis,
McGraw-Hill, USA, pp. 101-159, 1999.
[2] T. Koller, T. Seiler, J. Cataract Refract. Surg., 32, 2118–
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NEW DESIGNS OF REFRACTIVE MULTIFOCAL INTRAOCULAR
LENSES. OPTICAL QUALITY ASSESMENT
Laura Remón1, Juan A. Monsoriu1, Cristina Casanova2, and
Walter D. Furlan2
1 Centro de Tecnologías Físicas, Univ. Politécnica de Valencia,
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THE ALGORITHM OF THE WAVE ABERRATION FUNCTION
RECOVERY FROM IMAGES OF PUPIL ISODIOPTER ZONES
I. H. Chyzh, N. B. Afonchyna, T. M. Yakimenko
National Technical University of Ukraine 'Kyiv Polytechnic
Institute'
Optical and optoelectronic devices department, 03056, Kyiv,
Ukraine
e-mail: loki0@voliacable.com

Summary
New designs of refractive multifocal intraocular lenses
(MIOLs) are presented. The optical quality of such MIOLs is
evaluated, according to the European Standard UNE-EN ISO
11979-9, by means of: 4-Wave Lateral Shearing Interferometer.

Summary
The mathematical algorithm is described for the wave aberration function recovery from images of isodiopter zones,
video-recorded at the pupil plane. Computer simulation has
shown that the algorithm enables to estimate ametropy, primary astigmatism, as well as primary coma values.

Introduction
Nowadays MIOLs are the most advanced approach to increase depth of field and to enhance near vision following
cataract surgery. Different types of MIOLs have been developed using different optical design approaches and many
clinical studies report their behaviour [1-2]. It has been shown
that refractive MIOLs give better image quality at distance
with small pupil than hybrid (refractive-diffractive), but worst
image quality for near vision. In order to improve the performance of refractive MIOLs in this communication new designs are investigated.

Introduction
Spatial resolution refractometry based on the modified Foucault-knife method is frontier research in ophthalmological
aberrometry. A principal advantage of this method is the
relative simplicity of hardware and mathematical algorithm
[1], [2].
The main objective of this paper is to develop a mathematical
algorithm for reconstruction of the wave aberration function,
based on processing images of isodiopter zones, videorecorded at the pupil plane.

Methods and Results
Prototypes of four different designs of refractive MIOLs were
constructed in PMMA and tested according to European Standard UNE-EN ISO 11979-9 by means of Four-Wave interferometer. The following parameters were measured in a model
eye: 1).Focal lengths, 2) Modulation Transfer functions (MTFs),
3).Point Spread Functions (PSFs). In addition, the resolution
efficiency was measured with the standard US Air Force target (1951).
For a 3mm pupil the monochromatic results ranged from 0.20
to 0.40 MTF units for distance focus. For near focus the range
was from 0.10 to 0.35 MTF units. For a 4.5 mm pupil at distance focus, the results ranged from 0.10 to 0.30 MTF units
and for the near focus from 0.05 to 0.30 MTF units. The subjective resolution measured with US Air Force target corresponds with the measured MTF levels.
Conclusions
The new designs tested are promising since the measurements
almost reach the level of quality of commercial refractive
MIOLs. Some improvements are in progress.

Discussion
To extract isodiopter zones from a photodetector illuminance
picture, the first procedure should be digital filtering of video
-images. The appearance of such two-dimensional images is
defined by wavefront aberration distribution in the specific
eye‟s optical system.
The second procedure is to determine "in front of the eye" the
angular coordinates of rays, emitting from the eye. These
rays form isodiopter zones in the pupil plane. Angular coordinates of each individual ray depend on its pupil coordinates
and current position of a spatial filter. The spatial filter is
designed as a microdiaphragm moving along the optical axis
of the aberrometer during aberrometry session.
The third procedure is to reconstruct the wave aberration
function in pupil coordinates. For this purpose, the approximation with Zernike polynomials is applied. Amplitudes of aberration modes are reconstructed using the least-squares
method or singular decomposition [3].
Conclusions
Computer simulation of the aberrometer‟s operation has
shown that the proposed algorithm enables to detect precisely low-order aberration modes, as well as to determine
parameters of ametropy (defocusing), primary astigmatism,
and primary coma. These aberration modes have a dominant
effect on visual acuity. Therefore, information about these
values is the most useful for ophthalmologists.
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A NEW METHOD FOR TRACKING THE ACCOMMODATION
AND THE 3D POSITION OF THE EYE
P. P. Monticone, M. Menozzi
Technology and Innovation Management, ETH Zurich,
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MODELLING CHANGES TO OPTICAL PROPERTIES OF THE
EYE IN PATIENTS AFTER THE LASIK SURGERY
E. A. Szul-Pietrzak1, A. Hachoł1, E. Pelczar2
1 Wroclaw University of Technology, Group of Biomeasurements and Biomedical Signals Analysis, Wroclaw, 50-370,
Poland
2 Eye Laser Centre, Wroclaw, Poland
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Summary
We present the evolution of our optometer, already discussed
in [1], that now allows in its simplicity (only 3 key components), speed (up to 100 Hz) and accuracy (down to 10 mD)
even the recording of the 3D position of the eye with micrometric precision.

Summary
The aim of this work is to present the method of modelling the
effectiveness of the LASIK surgery in the ZEMAX program.
The program enables to analyse the properties of eye optical
system. Performed studies show what the impact of individual
parameters of the eye optical system (corneal radius, corneal
thickness, eyeball axial length, anterior chamber depth and
lens power) on eye refraction after the LASIK surgery.

Introduction
The capability of the human eye in changing its dioptric
power is called accommoda-tion. While fixating at an immobile object, the accommodation is not perfectly con-stant. In
fact, the accommodation presents small fluctuations, so called
microfluctua-tions, with an amplitude inferior to 1 D and a
frequency up to a few Hz [2].
Microfluctuations are a difficult phenomenon to explore. This
is mainly due to the complexity of the system that generates
microfluctuations and to practical difficulties in the measurement. Eye movements, for instance, generate artifacts in the
mea-surements. A way of handling such artifacts consists in
correlating the eye position with the recorded signal. The
correlation, in fact, quantifies the effect of eye move-ments
on the recorded signal. For this purpose is thus necessary to
have an instru-ment that synchronously tracks the accommodation of the eye and the position of the eye the space.

Introduction
Laser refractive surgery is based modification of the corneal
profile. In the photoablation process, part of the corneal tissue is removed, which results in changes to its thickness and
curvature radius [1]. Widespread application of laser methods in correction of refraction defects inclines to search for
methods enabling improvement of their effectiveness.
Materials and Methods
The studies were performed using patients‟ clinical test results
before and after a laser refraction correction surgery. The
eye optical systems was based on Gullstrand model [2] modified with in-vivo measured individual parameters of corneal
geometry, i.e.: corneal radius in two perpendicular axes and
corneal thickness. Next, the eyeball model was modified according to the results of corneal radius and thickness measurements after the surgery, and changes to the focus capability
of the system were analysed.

Methods
The working principle of our optomer consists in analyzing an
image produced by an object, which is placed at a fix distance from an image sensor and which is illumi-nated by light
exiting the pupil of the eye under test. The size of the image
varies with the vergence of the light exiting the pupil and
therefore varies with the accommoda-tion [1]. Moreover, the
size of a second image of the object, generated by the light
reflected by the cornea, is proportional to the distance of the
cornea from the instru-ment. Finally the image of the pupil
reveals the position in the other two dimensions. The three
images are recorded by mean of an image sensor, a high
resolution and high speed CCD camera, and the images are
analyzed by custom developed soft-ware that delivers the
accommodative signal and the x,y,z movements of the eye.

Discussion and Conclusions
Significant differences between eye refractive power resulting from measurements after LASIK and estimated form eye
model were observed. This proves the existence of an additional factor affecting changes of the eye refraction after the
surgery. We believe that it depends on biomechanical properties of the eyeball and the impact of IOP on deformation of
the cornea after the surgery. Therefore, after the surgery,
apart from changes to corneal radius and thickness, other
parameters responsible for optical power of the eye, e.g.:
anterior chamber width, and at the same time, eye axial
length, can also change.

Conclusions
We added, to our high speed and high accuracy optometer
[1], the possibility of tracking the position of the eye in space.
Since all the measurements are obtained by the same image
sensor, all the signals are synchronous. Therefore, correlating
the signals, it is now easy to discover artifacts originated by
displacements of the eye.
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INFLUENCE OF AGE ON PERIPHERAL ABERRATION
K. yan Baskaran, B. Theagarayan, S. Carius and J.
Gustafsson
School of Optometry, Linnaeus University, Kalmar, 39182,
Sweden
e-mail: karthikeyan.baskaran@lnu.se

NUMERICAL ANALYSIS OF IOL POSITION SENSITIVITY AGAINST
REFRACTION ERRORS
H. Guo, A. Goncharov, C. Dainty
Applied Optics Group, School of Physics, National University of
Ireland, Galway, Ireland
e-mail: Huanqing.guo@nuigalway.ie

Summary
The purpose of this study is to compare peripheral higher
order aberrations in young and old emmetropic eyes across
the horizontal (±40°) and inferior (–20°) visual field.

Summary
The dependence of the wavefront aberration of pseudophakic eyes
on intraocular lens (IOL) implantation position errors was calculated
using optical models for myopic and emmetropic eyes. Our analysis
shows eyes with higher refractive error are more robust (less sensitive) to IOL implantation misalignment from the nominal position.

Introduction
People with central visual field loss use eccentric fixation for
various visual tasks. Recently studies have shown that the correction of lower order aberrations (defocus & astigmatism)
can improve eccentric vision in subjects with central visual field
loss (CFL)[1]. The CFL subjects mostly correspond to older age
groups who use eccentric fixation angles up to 20°–30°.
While there have been studies comparing the off-axis lower
order aberrations in normal young and old subjects[2], there
is only one recent study, which has compared off-axis higher
order aberrations in normal young and old emmetropic eyes
up to 20° (horizontal and vertical) eccentricity[3]. In this study
we have measured off-axis aberrations in a group of 10
young (23 ± 3 years) and 10 old (57 ± 4 years) emmetropes. The aberrations of the right eye were measured
using COAS-HD VR Hartmann-Shack aberrometer in steps
10° out to ± 40° horizontally and –20° inferiorly in the visual
field. Subjects rotated the eyes to view the fixation targets,
which were red light emitting diodes, placed at 3 meter from
the eye. The aberrations were quantified for a pupil area 5
mm in diameter.
Discussion
Mixed between-within subject‟s analysis of variance of the
horizontal coma C13 showed that there was a statistically
significant difference between age groups (p<0.05). The
coma increased linearly in both groups from nasal to temporal visual field. The rate of change was greater in the old
(slope = –0.027 µm/deg) compared to the young (slope = –
0.012 µm/deg) emmetropes. In the inferior visual field, vertical coma C-13 changed linearly in both groups with higher
values in old (slope = 0.015 µm/deg) compared to young
(slope = 0.006 µm/deg). The mean spherical aberration was
positive in older emmetropes (0.053 µm) compared to young
emmetropes (-0.030 µm). The HO RMS showed a quadratic
increase in the periphery for both age groups. The HO RMS
was greater in older emmetropes but it was not statistically
significant (p>0.05) when compared to young emmetropes.

Introduction
Cataract patients usually need an IOL with a proper optical power
to replace their opaque crystalline lens. The IOL power calculation
and prediction are generally based on biometrics of cataractous
eyes and surgical protocols. Any implantation error, such as IOL
decentrations, tilts, axial shift and/or combinations of these, reduces
the optical quality
of the pseudophakic eyes.
In this study, optical models for
eyes with refraction errors from
0D to 12D by
every 2D step
were constructed.
The biometrical
data such as the
corneal and retinal shapes and
the axial lengths
of the eye were
adopted from Ref. [1] with assumption adapted to this study. We
consider two types of IOLs: spherical, and rotationally symmetric
aspheric mono-focal IOLs, which were optimised for each refraction
level with their power rounded to the closest 1/8 D. The IOL implantation position errors including decentrations, tilts and axial shift
were modelled by combining all errors, each of these featuring
normal distribution in the typical range of cataract surgery. Raytracing was performed to quantify the RMS wavefront aberrations
of the constructed pseudophakic eyes. Five different weighted
wavelengths within visible spectrum were synthesized to estimate the
RMS wavefront error, which were avaraged over five field points
covering 2 degree visual field around the fovea.
Discussion
Results are shown in the figure. The RMS wavefront error changes
are shown as a function of refraction error when IOL is altered from
its nominal position. Error bars represent plus/minus three times of
standard error. Groups are slightly staggered to be readable. All
the RMS wavefront changes against refraction error under three
conditions shown in the figure are found to be statistically significant
(ANOVA, at p = 0.001).

Conclusions
Our results show that there is an increase in coma, spherical
aberration, and HO RMS with age in the periphery.

Conclusion
The IOLs (spherical and aspheric) designed for higher refractive
error myopic eyes with steeper anterior corneal, longer eye ball
and more stretched retina are less sensitive to IOL implantation position error, compared to the IOLs designed for lower refractive error
myopias.
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NOTES

Summary
Each aberration distorts the image of a point according to its
point spread function. We impose different higher-order
aberrations on retinal images so distorting appearance of
retinal blood vessels and trying to simulate different retinal
vascular disorders.
Introduction
Each type of higher-order aberrations (HOAs) has a certain
point spread function (PSF) and thus it distorts an image in its
own way. By distorting appearance of retinal blood vessels
HOAs give rise to possibility that some vascular pathology
may be falsely diagnosed. We simulate the effect of several
types of HOAs on appearance of retinal blood vessels and
try to find similarity between the simulated images and certain retinal vascular disorders. As basis for convolving point
spread function with an image Matlab code found at John
Loomis‟s homepage [1] is used.
Discussion
We guess that two retinal
vascular pathologies most
likely to be wrongly diagnosed due to HOAs are
retinal microaneurysms
and abnormal tortuosity
Fig 1. Point spread functions for trefoil
of blood vessels. Mi- (left) and coma.
croaneurysms look like red
spots and may appear in fundus images due to trefoil aberration whereas exaggerated tortuosity may result from coma.
Corresponding point spread functions are shown (see Fig 1).
Conclusions
Secondary maxima in PSF may be intense enough to be visible. Before making final diagnosis of retinal vascular disorders it is recommended to take into account both the HOAs of
the patient and those of the ophthalmologist. Otherwise, these
disorders may be over- or under-estimated.
Reference
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EYE MOVEMENTS IN MYOPES AND NON-MYOPES FOR
NEAR VISION TASKS
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COMPARATIVE STUDY OF OPTICAL QUALITY AND INTRAOCULAR SCATTERING PARAMETERS BETWEEN HEALTHY
YOUNG AND ADULT POPULATION
J. Martínez-Roda1, J.C. Ondategui-Parra1, M. Vilaseca2, J.
Pujol2.
1 Technical University of Catalonia, University Vision Centre,
Terrassa, 08222, Spain
2 Technical University of Catalonia, Centre for Sensors, Instruments and Systems Development, Terrassa, 08222, Spain
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Summary
The present study aims to analyse head and eye movements in
myopes and nonmyopes for near-vision tasks. Eye and head
movements in myopes were not found to be significantly different from non-myopes. However, significant differences were
found in eye movements for different near tasks.
Introduction
Myopia affects a significant number of the individuals around
the world. So far, reasons for myopia development and progression remain unclear. Some studies show high prevalence of
myopia in certain occupational groups [1-3], which might imply
that certain head and eye movements lead to ocular elongation, perhaps as a result of forces from the extraocular muscles,
lids or other structures. On the basis of these findings, the present study analysed head and eye movements in a cohort of
30 young adults. The group included 14 myopes (SE between
–6.86 D and –0.60 D; mean: -1.59 ± 1.50 D) and 16 nonmyopes (SE between –0.50 D and +1.50 D; mean: +0.18 ±
0.50 D). Eye and head movements were monitored by an eye
tracker and a motion sensor while the subjects performed three
near tasks, which included reading on a screen, reading a
book and writing. Horizontal eye and head movements were
measured in terms of amplitudes. Vertical eye and head movements were analysed in terms of the range of the whole movement during the recording. All values were also assessed as a
ratio based on the width of the printed text, which changed
between participants due to individual working distances.
Discussion
The values of eye and head movements were comparable to a
previous study [4]. Horizontal eye and head movements were
significantly different between the three tasks (p = 0.03 and
p= 0.014, for eye and head movements respectively, repeated measures ANOVA). Horizontal and vertical eye and
head movements did not differ significantly between myopes
and non-myopes. As expected eye movements preponderate
over head movements for all tasks and in both meridians. A
correlation between spherical equivalent and the working distance for reading a book was found (p=0.025). However, no
significant differences between myopes and nonmyopes.were
found in eye and head movements.

Summary
We evaluated the normal values of optical quality (OQ) and
intraocular scattering (IS) provided by a double-pass system
of two healthy groups of young and adult population.
Introduction
We evaluated and compared the retinal image quality and
CSF of 181 eyes (of 107 healthy young subjects (YPG)) and
112 eyes (of 77 healthy adult subjects (APG)). Their best
spectacle-corrected visual acuity (BSCVA) was 20/20 or better assessed with a standard logMAR chart. Retinal images
were measured with a clinical double-pass instrument (OQAS,
Visiometrics, Spain) [1][2] with a pupil diameter of 4 mm.
Normal values for several parameters related to the OQ of
the eye (MTF, Strehl2D ratio and OQAS values (OV) at contrasts 100%, 20% and 9%) [3] and to the IS (Objective Scatter Index, OSI) [4] were obtained from the double-pass images. CSF was measured with a CSV-1000 test (Vector Vision, Greenville, OH).
Discussion
Mean ages [Mean ± SD (range)] were of 22.47 ± 3.04 (19
to 30 yr.) for the YPG and 44.06 ± 7.64 (31 to 60 yr.) for
the APG. 43.92% in YPG and 47.30% in APG were men. No
statistically significant differences were found between the
two groups (YPG/APG) for the mean values of the following
OQAS parameters: MTF cutoff (cpd) 44.54/44.48 (p=0.708)
and OV 100% 1.48/1.48 (p=0.792). However, statistically
significant differences between the two groups were found
for the values of the following parameters: OV 20%
1.58/1.51 (p=0.043); OV 9% 1.64/1.46 (p<0.001);
Strehl2D ratio 0.27/0.24 (p<0.001) and OSI: 0.38/0.60
(p<0.001).
Conclusions
No difference in optical quality for high contrast is seen between the young and adults up to 60 years old, although a
decrease for low contrasts is seen in adults. In addition, intraocular scattering increases significantly in adults. However,
contrast sensitivity does not undergo such a decrease

Conclusions
The results show similar pattern of eye movements in all the
participants included in the study, although the amplitude of
these movements varied considerably between the individuals.
It is likely that some individuals when exposed to certain occupational tasks might show different eye and head movement
patterns.
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THE EFFECT OF GLARE ON BINOCULAR VISION
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Summary
In our aim of measuring accommodative response with a double pass system, we found differences with other existing
methods. In this work we studied if those differences can be
attributed to measuring the accommodative response based
on retinal image quality and not on defocus.

Summary
The aim of the study was to investigate if binocular vision is
affected by glare while performing tasks on a computer. The
effect on binocular vision was evaluated by the use of a computerized fixation disparity test. Based on preliminary results
slight glare from a window (directly behind the observer), a
lamp (in front), ceiling lighting, and a desktop lamp (to the
right) had no effect upon binocular vision.

Introduction
In previous works we developed a method for measuring
accommodative response with a double pass system based on
retinal image quality, and we found lower lags of accommodation than the previously published using other methods [1].
We also compared the double pass results with those obtained by means of an aberrometer and an autorefractometer in the same patients, and lower lags when measuring with
the double pass technique were found too [2].

Introduction
High luminance levels in the field of view create glare discomfort [1]. Asthenopia is one of the major subjective symptoms. This is a well-known phenomenon, however the physiological basis for glare discomfort is not known [1]. Luminance
ratios has been established in American National Standard
Institute, Report No ANSI/IESNA RP-1-1993. The luminance
ratio between the central task and the immediate visual surroundings (within a radius of 25 degrees) should not exceed
3:1. The luminance of a computer display is 80-120 cd/m2.
Suggested luminance level in an office environment is 400
cd/m2. The presence of fixation disparity (FD) often indicates
that binocular vision is under stress and FD is a useful diagnostic tool because it is related to fusional convergence effort.
Stress associated with the use of fusional convergence can
result in asthenopia [2].

In the last years it has been suggested that defocus or retinal
image quality based accommodative response measurements
could provide different results [3]. In order to verify this hypothesis, we built a laboratory setup that combined a double
pass system and a Hartmann-Shack aberrometer. We measured accommodative response in the range from 0 to 4D in
10 young adults with a mean age of 28.4 years ± 2.7 (SD)
with both techniques simultaneously and compared the obtained results.
Discussion
The comparison of preliminary results achieved by means of
the double pass system and the aberrometer, based on the
defocus, highlighted a mean difference of 0.3D, although
they were reduced to less than 0.1D when we used the retinal
image quality based method for the aberrometer instead of
the defocus one.

Discussion
A previous study showed that blur had a strong effect on
fixation disparity and became more exophoric [3]. Considering the working environment, blurred image can arise from
reflected glare [1]. In the present study luminance levels had
a range of 400-2000 cd/m2, however, preliminary results
indicate that slight glare resulting from our luminance sources
did not stress binocular vision.

Conclusions
Simultaneous Hartmann Shack and double pass accommodative response measurements, with reduced differences when
comparison is based on retinal image quality, could show the
validity of our system.

Conclusions
Slight glare, caused by light reflection from a window, ceiling
lighting, and a desktop lamp was not found to effect binocular vision in this study.
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PRE- AND POST-OPERATIVE QUANTITATIVE 3-D OCT IMAGING OF KERATOCONIC EYES IMPLANTED WITH INTRACORNEAL RING SEGMENTS
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Jimenez-Alfaro2, S. Marcos1
1 Instituto de Óptica “Daza de Valdés”, CSIC, Madrid,
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NOTES

Summary
We present a 3-D quantitative analysis of the corneal surfaces in keratoconic eyes pre- and post- implantation of intracorneal ring segments (ICRS) using custom OCT.
Introduction
Keratoconus is characterized by a progressive corneal thinning and ectasia of the stroma resulting in a cone-shaped
cornea [1]. Implantation of ICRS is becoming an increasingly
used treatment for keratoconus [2]. Accurate anterior and
posterior corneal topography is key to diagnosis and evaluation of progression of keratoconus. On the other hand, quantitative evaluation of the ICRS implantation (position, depth
and plane of insertion of the ICRS) and of the corneal postoperative changes is critical to assess and eventually improve
the treatment. Custom high resolution ultra high speed anterior segment spectral Optical Coherence Tomography (OCT)
was used to image three-dimensionally cornea in two keratoconic patients before and after implantation of ICRS. The
system is provided with custom-developed algorithms for fan
and optical distortion correction [3]. Dedicated algorithms
were further developed for quantitative analysis of the keratoconic corneas, as well as for segmentation of the implanted
rings and their 3-D quantification in vivo.
Discussion
The three-dimensional OCT images of the cornea were processed, the edges segmented, the distortions corrected using 3D ray tracing and the true quantitative surfaces fitted by
biconics and Zernike polynomial expansions. Pre-operatively,
the average thickness in the ectatic area was 439±32 μm.
Post-operatively, the ICRS were measured to be placed at a
depth of 352±48 μm. Anterior corneal curvature flattened
by 2.27±0.1 D, and the asymmetric Zernike terms tended to
decrease after implantation of ICRS.
Conclusions
OCT provided with correction and processing algorithms can
be used as an efficient tool for the evaluation of keratoconus,
and for the quantification of ICRS treatment.
References
[1] Y. S. Rabinowitz, Surv Ophthalmol, 42, 297-319,1998.
[2] J. Colin et al., J Cataract Refract Surg, 26, 1117-22,
2000.
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61

EMVPO2010 I www.myeos.org/events/stockholm

Poster presentations
EMVPO 2010_3160_031

EMVPO 2010_3168_032

ADAPTIVE OPTICS FOR PROBE BEAM SHAPING
A.J. Lambert1, E.M. Daly2, J.C. Dainty2
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CORRECTION OF THE EYE‟S ABERRATIONS WITH ADAPTIVE
OPTICS AND PUPIL TRACKING
B. Sahin1,2, F. Harms1, B. Lamory1, X. Levecq1, R. Gillet1, S.
Berthier1, L. Vabre1, C. Dainty2
1 Imagine Eyes, Orsay, France
2 Applied Optics Group, National University of Ireland
Galway (NUIG), Ireland
e-mail: bsahin@imagine-eyes.com

Summary
Adaptive optics (AO) may be employed in the illumination
path of an optical instrument in addition to the imaging path
to manipulate the probe or beacon structure. We investigate
the effects of beacon shaping on the performance of the imaging wavefront sensor

Summary
Using the prototype rtx1–Adaptive Optics (AO) Retinal Camera, the eye‟s aberrations are measured and corrected for in
vivo accompanied by pupil tracking. The effect of pupil
movements on a standard adaptive optics loop‟s correction as
well as the effectiveness of an AO loop with pupil tracking
are both evaluated.

Introduction
The ability to precisely position a probe on the retina, and
most importantly to identify its position with sufficient accuracy, is an enabling requirement for study of the eye and
retinal function. Such is hindered by focus and depth-of-focus,
uncorrected aberration, small aperture illumination, difference between single pass and double pass PSF correction
and of course changes to the PSF by speckle or retina structure. Spatial light modulation in the illumination path can create an adjustable PSF. For example a Bessel beam1 may be
created that is relatively unperturbed by aberration or vignetting compared to Gaussian beams but possessing a larger depth of focus. It‟s PSF forms a companion circle surrounding the central probe.

Introduction
Adaptive optics enables the acquisition of high-resolution
images of the human retina, but eye and head movements
decrease the efficiency of aberration correction. Using an AO
loop accompanied by pupil tracking, we aim to demonstrate
the effect of motion on AO correction and also the effectiveness of correction using pupil tracking1,2.
Discussion
The rtx1‟s AO loop (10 Hz) is comprised of a HASO 32-eye
wavefront sensor (WFS) and a mirao 52-e deformable mirror
(DM) (both from Imagine Eyes, France). First, a healthy subject‟s eye‟s aberrations are corrected for in standard AO
mode, where both the DM and the WFS are active, accompanied by custom-made pupil tracking (10Hz). Next, the eye‟s
aberrations are measured and corrected for with passive AO,
where the DM was kept passive after initial correction, in
order to be able to see the deviation of the eye‟s aberrations. Finally, the eye‟s aberrations were corrected for, where
the WFS was not included in the correction loop, while the
pupil tracking and the DM were active. Pupil position, diameter and the RMS values of the measured wavefronts were
continuously recorded. Pupil movement for each iteration and
the diameter of the pupil was 40±30 µm and 6.9±0.1 mm on
average respectively. The RMS of the eye‟s aberrations before correction was measured 0.65±0.02 µm. The average
RMS of measured aberrations during standard AO correction,
with the passive DM, with passive WFS and pupil tracking
were 0.1± 0.05, 0.22±0.05, 0.1±0.01 µm respectively.

If this beam is the beacon for the AO system correcting retinal
images, such manipulation of the beacon may affect the
wavefront sensing. Using an AO corrected retinal imaging
system exploiting a pyramid wavefront sensor2, the imaging
path can be corrected for aberration extremely well, but the
effects of shape and symmetry of the probe beam on the
pyramid sensor must be evaluated.
Discussion
Observation of this circle offers more reliable feedback of
the positioning of the probe with respect to retinal structure.
The circle is more easily determined in the imagery than a
tight Gaussian spot. The ring structure of the Bessel beam is
expected not to disrupt the pyramid sensor due to the four
quadrant symmetry. We have experimented with the use of a
pyramid sensor with such a beam created with a radial cosine
pupil mask and SLM and present results on the residual wavefront variance after AO correction and effects of the ring
shape on the convergence rate.

Conclusions
AO correction without WFS sensing and pupil tracking has
shown to be close to that of a standard AO loop. An AO loop
with both WFS and pupil tracking is hoped to be more effective than a standard AO loop.

Conclusions
Beacon shape and symmetry from a Bessel beam are shown
to have little effect on the operation of AO equipped retinal
imaging system.
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AXICONS FOR PRESBYOPIA: DEPTH OF FIELD EXPERIMENTAL
RESULTS
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SEIDEL AGAINST ZERNIKE REFRACTION: WHO WINS THE
BATTLE?
V. Fernández-Sánchez1, H. Ginis2, A. Pallikaris2 and N. LópezGil1
1 Grupo de Ciencias de la Visión. Universidad de Murcia.
30100 Murcia, Spain
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Summary
We studied the effect of 4th-order spherical aberration (4SA)
on the refraction by comparing Seidel and Zernike refractions.
Our main conclusion is that Seidel refraction seems to be more
accurate when the eye presents large values of 4SA while
Zernike refraction gives more accurate results for low values of
4SA.

Summary
Several axicon designs were implemented as photoresist
phase plates. Depth of field experimental trials were developed with them in an optical bench. The results support that
the designed axicons are an interesting simultaneous vision
solution for moderate presbyopia.

Introduction
Zernike and Seidel refractions are two methodologies to obtain the refraction of the relaxed eye1,2, or the accommodation
response3. Both approximations are widely used since they are
based on simple, pupil-plane calculations from the wavefront
measurement. The equivalent sphere for each method is computed as:

Introduction
Presbyopia is a condition where the eye shows diminished
ability to focus on near objects with age. A possible solution
to this visual physiological condition is to increase the static
depth of field. In 2002 quartic axicons were introduced in
order to enhance presbyopic vision. Retinal image simulations
on a model eye showed the good performance of axicons in
comparison with other existent solutions for moderate presbyopia.

RSEIDEL

4 3 z20 12 5 z40 ...
r

2

RZERNIKE

4 3 z20
r2

Contrary to what one would think, Zernike refraction is affected by radial symmetric high-order aberration, such as 4SA,
while Seidel refraction just depends on the Zernike defocus
component (Paraxial Refraction).
We studied which of these two refractions is closer to the subjective refraction of the eye by performing two experiments: In
the first, 10 subjects looked for their best refraction using a
Badal optometer when adding different amounts of pure
Seidel Primary SA. In the second, we obtained the subjective
equivalent sphere of 180 eyes and compared the results with
those obtained previously after computing both metrics on their
wavefront measured in the relaxed eye.

Discussion
In this work several axicon profiles were compared. Three
different axicons were engraved on photoresist giving way to
phase plates with a 6 mm diameter optical zone. Two of them
were quartic axicons (forward and inverse), whereas the last
one was an optimized higher-order axicon. Interferometric
testing with a Match-Zender showed a quite good agreement
with the designed profile.
Optical bench image experiments showed that the phase
plate axicons provide from 0.75D (optimized high-order axicon) to 1.25D (cuartic inverse axicon) additional depth of
field in comparison with that present when no compensation is
applied. The experiments also showed that the optimized
axicon is a more stable solution for the intermediate distance
range.

Discussion
In the first experiment the eyes became myopic when a positive Seidel SA was induced and shifted to hyperopic when a
negative Seidel SA was induced. This indicates that the Seidel
refraction fails to be a good refraction predictor. However,
the eye changed its refractive state much less than expected
when using the Zernike refraction, especially for large values
of SA induced.
In the second experiment we found that Seidel refraction gives
better mean values of equivalent sphere (y=1.1367x-0.0048,
R2=0.871) than Zernike refraction (y=1.1525x-0.4935,
R2=0.865) but this depends on the value of 4SA present in the
eye.

Conclusions
Quartic and optimized axicons are ophtalmic components
useful to enhance the depth of field of presbyopic eyes. Optical bench experiments with axicons manufactured as photoresist plates support the theoretical expectations. Optimized
profiles provide a better overal performance in the intermediate range (Work supported by grant MICINN FIS200803884).

Conclusions
Seidel refraction seems to provide more accurate spherical
equivalent values than Zernike for large values of SA present
or induced in the eye. However, for low values induced or present in the eye, Zernike refraction seems to be a good metric
to predict the spherical equivalent.
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WAVEFRONT MAP ANALYSIS OF PROGRESSIVE POWER
OPHTHALMIC LENSES
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LENS ASTIGMATISM AND ITS RELATIONSHIP WITH LENS
STRUCTURE FOR SPECIES WITH Y-SUTURE BRANCHES
Ana Gargallo, J. Arines, E. Acosta*
Universidade de Santiago de Compostela, Departamento de
Física Aplicada, Facultad de Física, Campus Vida, 15782
Santiago de Compostela, Spain
e-mail: *eva.acosta@usc.es

Summary
In this study we evaluate and compare the wavefront aberration profiles in progressive power lenses (PPL) of different
materials and designs, using a Shack-Hartmann wavefront
sensor.

Summary
We studied the relationship between lens structure and the
lens optical properties, in particular for some species with Ysuture branches, focusing specifically on the orientation of the
axis of the low order astigmatism. Our results indicate that
the suture structure is the histological origin of the lens astigmatism in these species.

Introduction
Lenses were categorized depending on their material, design
and refractive index. Wavefront aberrations were measured
using a monochromatic light source (632.8 nm) from an He-Ne
laser. Measurements were taken for different points starting
from the fitting cross of the progressive lens and moving towards the periphery in 10 deg step corresponding to 4mm
projection on the lens. Artificial pupils of 3mm and 5mm diameter were used to simulate daytime / mesopic viewing
conditions. Lens was shifted around the eye centre of rotation,
with a radius of 25 mm. For each point the average of 3
measurements was analysed. Zernike expansion coefficients
up to 4th order, sphere, astigmatism, spherical aberration and
a range of image quality metrics for each lens were calculated using custom-made scripts in Matlab computational software.

Introduction
Significant differences have been identified in crystalline lens
suture patterns among the animal species which entails an
influence on their optical properties [1]. By Point Diffraction
Interferometry (PDI) [2], we recently found a systematic presence of aberrations in pig lenses, closely related to the shape
of the suture planes [3]. Here we use PDI to study the relationship between Y-suture planes and primary astigmatism for
three representative species showing Y-suture planes: bovine,
porcine and ovine (Fig.1)

Discussion
In all cases the magnitude of aberrations was higher when a
5mm viewing pupil was used. The most prominent aberrations
derived the second order cylindrical components (J45, J180).
The width of the PPL corridor was estimated by the amount of
cylindrical error. PPL power (vertical) progression was calculated from the change in sphere. Spherical aberration and
third order aberrations (coma and trefoil) were more pronounced in specific designs. The magnitude and the pattern of
aberrations were influenced by lens material, power and
refractive index.

Figure 1: PDI images of lamb, cow and pig lenses.

Discussion
Wavefront aberrations for all measured lenses were fit to the
25 significant Zernike polynomials and we found dramatic
quantitative and qualitative differences in the wavefront aberrations among the three analyzed species. Nevertheless, we
found that the low-order astigmatism axis was systematically
oriented with one of the lens suture planes in all the analyzed
lenses of the three species.

Conclusions
Wavefront map analysis offers a qualitative and quantitative
evaluation of ophthalmic lens aberrations. Progressive lenses
in all cases suffer from high amounts of astigmatism starting
from the near periphery. Modern designs seem to better control higher order aberrations and offer enlarged functional
vision areas.

Conclusion
We found significant correlation between suture plane orientation and lens astigmatism axis in bovine, porcine and ovine
crystalline lenses. These results point to Y-suture branches as
the histological origin of lens astigmatism in mammals.
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Summary
This study shows that peripheral aberrations are correlated
between the left and right eye. There is also some correlation
between the temporal and nasal visual field, although nasal
aberrations are generally larger. This justifies generalization
of results sampled over one radial meridian in one of the two
eyes.
Introduction
The peripheral optical errors of the human eye are now often
measured due to their suggested influence on the progression
of myopia [1]. Ideally, data from the whole peripheral visual
field of both eyes should be evaluated. However, it is faster
and more common to sample just a few angles of one eye.
This study aims at justifying such a procedure by investigating
the correlation of peripheral aberrations between the left
and right eye. The peripheral wavefront aberrations were
measured in 11 myopes and 11 emmetropes with either a
laboratory open-field Hartmann-Shack sensor [2] or the
COAS-HD-VR wavefront sensor. Both eyes were assessed in
eccentric angles over the horizontal field out to a maximum of
± 40°.
Discussion
As earlier found foveally [3], the aberrations of the left and
right eye were mirror symmetric when comparing the same
temporal or nasal angle. In 20° off-axis 40% of the 2nd-5th
order Zernike coefficients were significantly correlated
(p<0.01) between the two eyes. The aberrations with highest
correlation coefficients were defocus (~0.98), with/against
the rule astigmatism (~0.89), and horizontal coma (~-0.86).
The same aberrations also had the largest values, in agreement with [4]. Generally, the nasal visual field had larger
aberrations, but some correlation was found also between the
temporal and nasal fields (20% of the Zernike coefficients in
20°). The myopes had a larger number of aberrations significantly correlated between the two eyes than the emmetropes.
Conclusion
The correlation found between the peripheral aberrations of
the left and right eye means that it is enough to sample one
radial meridian of one eye to retrieve peripheral results valid
for both eyes.
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3RD SCIENTIFIC EOS ANNUAL MEETING 2010 (EOSAM 2010)
Paris, France | 26 - 29 October 2010
www.myeos.org/events/eosam2010 | paris@myeos.org
This year„s EOS Annual Meeting will be taking place at Parc Floral de Paris, France, from 26 to 29 October 2010 alongside PRI-OPTO (26 - 28 October 2010) to bridge the gap between science and industry.
Topical meetings & workshop:






TOM 1: Biophotonics - Advanced Trapping
and Optofluidics in Life Sciences
TOM 2: Terahertz Science and Technology
TOM 3: Nanophotonics and Metamaterials
TOM 4: Micro-Optics
TOM 5: Organic Photonics





TOM 6: Nonlinear Optics and Photonics
TOM 7: ICO/EOS TOM on Optics & Energy
Workshop on Entrepreneurship and Business
Innovation in PhD Education

Events in 2011
1ST EOS CONFERENCE ON OPTOFLUIDICS (EOSOF 2011)
Munich, Germany | 23 – 25 May 2011
www.myeos.org/events/eosof2011 | munich@myeos.org
Topics
Abstract due
date:
5 January 2011






Microfluidic lasers
Fluid-fluid waveguides
Microfluidically tuned optical fiber and interferometers
Fluid paper





High resolution in-chip lensless microscopy
Optical and photonic tweezers
High sensitivity biomolecular sensor platforms
and specific application areas

2ND EOS CONFERENCE ON MANUFACTURING OF OPTICAL COMPONENTS (EOSMOC 2011)
Munich, Germany | 23 – 25 May 2011
www.myeos.org/events/eosmoc2011 | munich@myeos.org
Topics
Abstract due
date:
5 January 2011






Theoretical and practical aspects of manufacturing and finishing technologies
Testing for fabrication and assembly
Optics manufacturing processes
Optical manufacturing for emerging products



and processes
A joint session will be organised with the SPIE
Conference “Optical Meterology” (Optical
Measurement Systems for Industrial Inspection)

1st EOS TOPICAL MEETING ON PHOTONICS FOR SUSTAINABLE DEVELOPMENT - FOCUS ON THE
MEDITERRANEAN (PSDM 2011)
Tunis, Tunisia | 11 - 13 July 2011
www.myeos.org/events/psdm2011 | psdm@myeos.org
Abstract due
date:
28 February
2011

Topics









Biophotonics
Optics and energy
Optics and environment
Optical communications

Security
Organic photonics
Optical sensing

2ND EOS TOPICAL MEETING ON "BLUE" PHOTONICS - OPTICS IN THE SEA
Bremerhaven, Germany | 5 - 7 September 2011
www.myeos.org/events/bluephotonics2 | bluephotonics2@myeos.org
Would you like to be alerted when the call for papers is published? Send an email with your contact
details to bluephotonics2@myeos.org.
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