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• Optical concepts for non-monofocal IOLs 
• Multifocal 

• Extended Depth of Focus (EDF) 
•  EDF is terminology in draft ANSI Z80.35 Standard 

• Toric versions of the IOLs are implicitly presumed 

• Performance characteristics of the lenses 
• Modulation Transfer Function (MTF) 
• And how it can be calculated 

• Through-focus images 

• Energy balance 

• Visual phenomena 

• Additional Details 
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Zonal	Refrac,ve	Bifocal	
Each	zone	is	either	distance	power	
or	near	power	
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Diffrac,ve	Mul,focal		
Several	zones	all	act	together	to	send	
light	to	2	or	more	dis,nct	powers	

Aspheric	
Aberra,ons	used	to	extend	depth	of	focus		
		-	may	also	be	partly	zonal	lens	
		-	widely	used	for	contact	lenses	
		-	rarely	used	for	IOLs	

Small	Aperture	
Pinhole	principle	

Phase	Ring(s)	
Phase	delay	in	ring	to	increase	depth	of	focus	

Diffrac,ve	Chroma,c	Aberra,on	Adjustment	
OOen	reduced	for	diffrac,ve	“add”	anyway	

Combina,on	of	these	types	of	feature	
Various	aspects	can	be	combined	

bifocal	

May	be	“apodized”	to	adjust	energy	balance	

trifocal	

May	be	distance-dominant	

3 

Wavefront Congress 2016 



• Aims of newer multifocal designs include: 
• improving intermediate vision 

• reducing visibility of unwanted optical phenomena 

• Extended Depth of Focus (EDF) designs 
• may not provide near power focus 

• Bifocal diffractive lens example used here to discuss 
main parameters 
• General concept of AMO Tecnis diffractive multifocal IOLs 

• Other designs used to illustrate additional parameters 
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•  “Fresnel zones” are a characteristic of diffractive lenses (early 1800s) 
•  Where optical path increases by a wavelength   

•  Fresnel recognized the importance of light repeating every wavelength 

•  He worked on very small diffraction effects 

•  He invented the modern lighthouse with its enormous Fresnel lenses 

•  He didn’t invent diffractive lenses 

•  He worked in the time of Napoleon and had issues with the regime 

•  Small changes in optical path are essentially spread across a lens surface 
•  Geometrical property, relating object and image points 

•  easily visible and adjusted these days (using optical quality lathes) 

• Diffractive lenses typically have steps at regularly spaced zone boundaries 
•  Zone boundary every wavelength (or multiple) 

•  Phase delay at steps (monofocal 1 wave, standard multifocal ½ wave) 
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•  In ophthalmology we have found that diffractive lenses are well-behaved 
even with very few zones 
•  In comparison, diffraction gratings are 1-D and may have hundreds of zones 

• Published theoretical discussions are somewhat limited 
•  but established methods for monofocal lenses can be used for calculations 
•  Modulation Transfer Function (MTF) 

•  Simulation of defocused images 

•  Including simulation of visual phenomena 

•  May only be approximate 

•  Energy balance between images is related to “diffraction efficiency” 
•  Though this is less clear for few zones and more complicated designs 

• MTF and images can be measured using model eye 
•  If IOL is available 
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• MTF is a primary parameter for IOLs 
•  A measure of image contrast 

•  Primarily measured on actual lenses 

•  Can also be calculated 

• There are trade-offs between accuracy and practicality for MTF 
•  Not defined in standards 

•  Some level of energy can be highly defocused with diffractive lenses 
•  Energy in high diffraction orders 

•  Light may also be scattered from steps or other fabrication features 

• Many IOL calculations are just monochromatic 
•  Capture basic lens characteristics 

•  Used for quality control 
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• Widely used in optics for decades 

• Determine phase across exit pupil 

•  Fourier Transform to get amplitude point spread function (PSF) 

•  Convert to intensity PSF 

•  Fourier Transform to get Optical Transfer Function (OTF) 

•  Modulus is MTF 

• Can use Matlab or any software that does FFT 
•  The diffractive surface isn’t exactly at exit pupil, but is typically close 

•  Example with Zemax follows  

•  Not easy to set up in Zemax 

•  But then some Zemax standard features can be used 

•  Model eye parameters can be adjusted 

•  Note that paraxial parameters are usually incorrect 

•  Zemax has limitations due to sampling 

•  Poorly explained by Zemax 
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• Physical IOL in model eye (3mm pupil) 
•  Analyze wavefront and MTF at different focus locations 

•  Some limitations on accuracy 

Near                                  Intermediate                         Distance 

OPD 
Optical 
Path 
Distance 

 
 
 
 
MTF 

The physical surface 
is imprinted on the 
wavefront 

Each zone is out of 
phase with the next 
zone so there is no 
focus 
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• The in-focus MTF often has ripples 

• Through-focus for a single spatial frequency can be misleading 

Bifocal 
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•  Images can be measured or calculated for defocus locations 
•  Calculations typically use the Optical Transfer Function (OTF) 
•  OTF Created as part of MTF calculation 

•  Images below use a standard Zemax image 

• Distinct defocus image locations can be seen 

• Visual phenomena may be visible 

• Can be compared to the through-focus MTF 

Near                                                               Intermediate                                              Distance 
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• Generally easily tolerated by patients 

• Defocused light can be visible as halos or rings 
•  Calculations show basic characteristics 

•  May be only approximate 

• Direct measurement in model eye should also record any additional 
scattering from actual lenses 
•  Need to set to same exposure level 

•  Published example of images from point source (simulating headlight) 

Carson et al, Clinical 
Ophthalmology 2014:8 2105–2113 
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•  Line spread function (LSF) can capture halo objectively 
•  Intensity across image of line source often used for MTF measurement 

•  Halo intensity can be evaluated 

•   Lateral detector movements, and control of intensity, could be used to 
create more extensive LSF (shown below on log scale) 

Jangeslag et al, J Cataract Refract 
Surg 2014; 40:2120–2127 

Focused image 

defocused halo 
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• ReSTOR 3 D add multifocal IOL gives example of apodization 
•  Step heights reduce and change local energy balance 

•  Approximate energy calculation assuming local diffraction grating 
•  ReSTOR 2.5 has different properties  

from Davison & Simpson, 
J Cat Refr Surg 2006; 
32:849–858 14 
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apodized diffractive 

equal energy diffractive 

unequal energy diffractive 

• Theoretical energy at distance (d) or near (n) focus 
•  Monochromatic at 546 nm 

• Three types of diffractive bifocal 
•  All widely used 
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Another way to estimate energy 
fraction is to project MTF line 
back to y axis (e.g. 0.38) 

One way to estimate energy 
fraction is to express area 
under focused spike of LSF as 
fraction of total area under 
the curve 

Focused 
image 



•  Spherical aberration (SA) has strong effect on MTF 
•  Particularly for larger pupils 

•  SA Can affect depth of field anyway if large enough 

•  IOLs have ended up with different design SA values from different 
manufacturers 
•  Described by Zernike spherical aberration for 6mm diameter eye entrance pupil  

• eg. 0, 0.1, 0.2, 0.28 microns (sign sometimes + or -) 

•  SA is a monofocal lens concept 
•  Originally a classical Seidel aberration 

•  Ophthalmology uses the Zernike term (which includes a defocus component) 

•  SA has different effects at 2 or more foci 
•  Wavefront is typically measured incorrectly for non-monofocal lenses 

•  Fine detail of wavefront not normally measured 

• Revised ISO eye models include corneal SA 
•  Correct SA needs to be used for design and testing 
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• 4 D add power puts reading distance very close 
• Maximum separation between images 
•  Should reduce visual phenomena 
•  Larger separation between focused and defocused images 

•   In practice, lower add powers often preferred 

• Lower bifocal add powers (e.g. about 3 D) 
• Moves reading distance further away 
• Improves intermediate vision 
• Other parameters may also change with lower add power 

• Much lower add powers (e.g. about 1.5 D) 
• May become more like EDF IOL 
• No distinct near focus for comfortable long term reading 
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• Various recent designs illustrate additional properties 
• On following slides 

18 

Wavefront Congress 2016 



• The Physiol trifocal IOL is described in JCRS 2011;37:2060-7 (Gatinel et al) 

• Apodized diffractive lens 

•  Steps match 3.5 D add power diffractive 

•  Every 2nd step also matches 1.75 D add power diffractive 

•  Steps have alternating heights 

• This combination of steps creates 3 primary foci 

• Gradual apodization of the step heights 
•  Distance-dominant for large pupils 
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• Zeiss trifocal IOL is not apodized  
•  Described in Catract Refractive Surg Today Europe, Supplement, March 2012, AT 

Lisa Tri 839MP 

• Diffractive add powers 3.33 D and 1.66D 

• Trifocal to 4.34 mm diameter 
•  Outer region is diffractive bifocal 
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• Quadrafocal with missing image 

• Groups of 3 zones make largest period 
•  3.25 D near, 2.17 D intermediate 

•  Pupil diameter affects number of zones utilized 

 

Figures from Kohnen, J Cat 
Refr Surg Oct 2015 v41 2330-2 
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•  Conceptually simple 
•  Each zone contributes to either distance or near vision  
•  Provides multifocal vision 

• Pupil size affects image quality 
• Annular apertures affect image quality 
• Rings visible at night from second image 
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• AMO Array and ReZoom 

•  5-zone refractive lens 

• Probably no longer widely used 

• Rayner M-flex Multifocal 
•  Multiple zones  

• Hoya 
•  3-zone multifocal 

• Older rigid zonal IOLs 
•  IOLAB NuVu center near 2-zone lens 

•  Storz TruVista 3-zone multifocal 

• Zonal lenses are relatively common as multifocal contact lenses 
•  May also have aspheric regions 

•  Contact lenses used more often by early presbyopes (with residual accommodation) 
•  IOL patients are more similar to late presbyopes 

from package insert 

from marketing brochure 

from marketing brochure 
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• Oculentis Website says that 350,000 implanted over 6 years 
•  Lentis Mplus and variants 

•  Near segment covers nearly half lens 

•  With spectacles, eye rotates to look through segment 

•  With the IOL, it rotates with the eye 

•  Clinical data in JCRS on over 9,000 eyes 
•  Venter et al, J Cat Refract Surg 2013; 39:1477–1484 

•  Energy balance plot from patent application 

•  Some energy loss due to blend between zones 

•  Lower add designs available 

•  Lenstec zonal refractive lens 
•  FDA clinical trial of SBL-3 started 2015 

Image from website 

Image 
from 
website 
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• There are more concepts than there are IOL models 

•  Increase in focal range can be very modest 

• Monochromatic aberrations 

• Aberrations can extend the depth of focus 

• Probably pupil-dependent 

• Greater depth of focus with small pupils anyway 

•  In-focus contrast typically degraded to get greater range 

• Chromatic aberration 

• Chromatic aberration can affect depth of focus 

•  Symfony approach is to partially correct this, and add another structure 

• Ringlike phase structures (some examples follow)  

• Add phase change to extend focus 
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• Diffractive lens discussed in Weeber, Meijer & Piers, J Cat Refr Surg v41, 
2746-2754 Dec 2015 
•  Exact design not given 
•  Chromatic aberration correction component 

•  Multiple echelettes to extend the depth of focus 

•  Polychromatic MTF measured in model eye and integrated to create defocus plots 
•  Method discussed on following slides 

bifocal Symfony 

Symfony 
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• How is MTF related to clinical visual acuity ? 
•  For bifocal 
•  MTF is very low between images 

•  But acuity only drops modestly 

• Area under the MTF curve is often evaluated 
•  An earlier paper evaluated this 
•  Weeber, Featherstone, Piers. J Biomed Optics 2010; 15:040509 

•  MTF shown below with log scaling  

•  Polychromatic radial MTF evaluated at retinal threshold to estimate acuity 

•  Good agreement with clinical data 

theoretical clinical 
Calculated radial 
polychromatic 
MTF on log scale 
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•  Symfony paper discusses different method to relate MTF and acuity  
•  Weeber, Meijer & Piers, J Cat Refr Surg v41, 2746-2754 Dec 2015 

• Area under the MTF curve plotted for Symfony 
•  Integrated to different spatial frequencies 

•  Each curve re-normalized to its own peak 

•  In practice, various metrics have been explored to estimate focus and acuity 
•  Mostly for monofocal purposes 
•  E.g. see papers by Thibos, Applegate, Hong, Cheng, Atchison, Williams, etc. 
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• Xceed. Ben Yaish et al, J Refract Surg. 2010;26:71-76. 
•  Probably 2 phase delay rings 

•  MTF improvement in the paper seemed unusually large 

•  Nothing heard recently about this 

• Alcon. US 8,241,354.  2012. Hong et al 
•  Phase delay region 

• AMO. US 8,740,978. 2014. Weeber et al 
•  Diffractive and phase delay region 
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• Acufocus IC-8  
•  Grabner et al, Am J Ophthalmol 2015;160(6):1176–1184 
•  Pinhole optic to extend depth of focus 

•  Monocular defocus acuity curve 

•  FDA approval was given for Kamra inlay in 2015 
•  Corneal inlay with similar aperture 
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• Domilens Progress designs evaluated as rigid IOLs in 1990s 

• Mini WELL Ready progressive multifocal 
•  Domínguez-Vicent, Graefes Arch Clin Exp Ophthalmol, 2015 Dec 16 [Epub ahead of print] 

•  SIFI Medtech, Catania, Italy  

•  Progressive multifocality 

•  Three different annular zones 
•  inner and middle zones have different spherical aberrations with opposite signs 

•  outer zone is monofocal 

•  MTF measured monochromatically and compared to Symfony 
•  3 mm pupil 

•  May be sensitive to pupil diameter because of refractive zonal regions 

Symfony 

Mini WELL 
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•  IOL design and testing was historically monochromatic 

•  Emphasis on quality control 

• Diffractive lenses are inherently “chromatic” 

•  focus changes with wavelength 

• energy directed to each focus changes with wavelength 

•  the design only matches up completely for a single wavelength 

•  chromatic aberration is somewhat corrected for a bifocal add power 

• Polychromatic effects are increasingly being evaluated 
•  Realistic model eye for ANSI Z80.35 (draft EDF standard) 

•  Polychromatic MTF compared to clinical visual acuity 
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• Corneal spherical aberration affects image quality 
•  Different manufacturers assume different model eyes 

•  Testing an IOL with a different cornea changes the optical properties 

•  “Spherical Aberration” is a monofocal lens concept 

•   Spherical aberration affects depth of field anyway 
•  Evaluated in several publications 

•  Effects typically vary with pupil diameter 

• Astigmatism is presumed to be controlled with multifocal and EDF IOLs 
•  Through use of a toric IOL 

•  Through corneal adjustments 

•  However, astigmatism alone may increase depth of focus 

• Mini-monovision and “mix and match” sometimes used clinically  
•  Refraction adjusted differently for each eye 
•  more common with EDF concepts which have more limited range 

•  Different lens styles in the two eyes 
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•  Energy balance difficult to calculate and measure 
•  Appropriate for multifocal concepts 

•  Conceptual question for EDF lenses about focused vs. defocused energy 

• Pupil diameter may cause variability for diffractive and zonal lenses  

• Annular zones sensitive to pupil diameter 

• Trifocals and Quadfocals have more zones per period than bifocals 

• Add power sometimes given at IOL, sometimes at cornea 

•  Ideally always at cornea (about 0.7 of defocused power at IOL) 

• Defocus plots inconsistently labeled 
•  distance focus sometimes on right, sometimes on left 

•  Defocus power sometimes labeled with positive values, sometimes negative 
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• Badal system useful for maintaining constant acuity in lab 
•  Clinically, reading material gets larger as you bring it closer  

•  Lens platform can affect clinical results 
•  Decentered  multifocal IOL may have more visual phenomena 

•  e.g. C-loop segmented refractive Mplus IOL discontinued due to tilt (25/4240 eyes) 
•  Venter et al, J Cat Refract Surg 2013; 39:1477–1484 

•  IOL Standards want refractions at true infinity 
•  Clinical practice is to specify IOL power at 6 meters 
•  Simpson, Charman, J Refr Surg (Letter) 2014 Nov;30(11):726 

•  Difference ~ 0.25 D is sometimes meaningful 
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• Many design concepts are being evaluated 

• Design and evaluation activities often use the following 
•  MTF 

•  Text Images 

•  Strong visual images, and LSF data, to evaluate visual phenomena 

• Trending topics 
•  Polychromatic evaluations 

•  Trifocals (exploring whether they enhance intermediate vision and reduce visual phenomena) 

•  Smaller add powers for bifocals 

•  EDF concepts that may not provide distinct near vision 

•  may overlap sometimes with lower add power concepts 

refrac,ve	

bifocal	

trifocal	

distance-	
dominant	

apodized	

diffrac,ve	

Chroma,c	aberra,on	correc,ng	

aspheric	 phase	delay	rings	 Small	aperture	
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