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1. Introduction 

 

The primary cause of blindness worldwide, as per the World Health Organization, are cataracts 

[1]. A cataract is an opacification or clouding of the eye’s natural crystalline lens, most 

commonly due to age-related changes in lens proteins and cumulative oxidative damage [2]. 

This process leads to progressive, painless visual impairment, including blurring, glare, and 

reduced contrast sensitivity [3]. Cataract surgery, one of the most commonly performed 

procedures worldwide, involves replacing the natural lens of the eye with an artificial intraocular 

lens (IOL). The development and design of IOLs trace back to the 1940s, inspired by 

observations that World War II pilots with fragments of airplane cockpit glass in their eyes 

exhibited minimal inflammatory reactions, indicating the material’s ocular biocompatibility. Sir 

Harold Ridley noted that these fragments were made of polymethylmethacrylate (PMMA) 

which was essential in his decision to use PMMA as the material for the first IOL. Then in 1949, 

the first IOLs were implanted by Ridley, marking the beginning of a transformative era in 

cataract surgery and visual rehabilitation [4].  

Despite initial skepticism and resistance from the ophthalmic community, IOLs gradually 

gained acceptance, particularly after improvements in surgical technique and lens design in 

the 1970s and 1980s [5,6]. The 1970s came with rapid innovation, with the introduction of 

anterior and posterior chamber lenses and the rise of major manufacturers. The transition from 

rigid PMMA to foldable silicone and acrylic polymers enabled smaller incisions, faster recovery, 

and complemented the development of phacoemulsification [7–9]. Subsequent decades 

brought further refinements, including heparin-coated surfaces to reduce postoperative 

inflammation and the advent of multifocal and accommodating IOLs to address presbyopia 

[10,11]. Recent decades have focused on optimizing optical quality, biocompatibility, and 

customization, with ongoing research into new materials and advanced-technology IOLs, e.g., 

multifocal IOLs (MIOLs) or extended depth of focus (EDOF) IOLs [9,12,13]. 

Figure 1: Scheme of IOL implantation into the human eye. From left to right: schematic representation of the 
anatomy of the human eye; IOL implantation into the capsular bag after removal of the crystalline lens; scheme of 
a monofocal IOL with C-haptics; scheme of a multifocal or EDOF IOL with diffractive zone pattern on the surface 
(Source: Created by the author). 
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Fig. 1 shows an example of the implantation of an IOL into the capsular bag after removal of 

the crystalline lens. Currently, in 2025, patients and doctors in Germany can choose between 

more than 200 IOL designs from more than 20 different manufacturers (https://www.iol-

finder.de, an open-source e-book). While monofocal IOLs provide clear vision at a single 

distance, generally for far vision, patients often require spectacles for other distances, 

generally for near and intermediate vision. MIOLs, on the other hand, offer the promise of 

spectacle independence by providing multiple focal points, achieved through refractive, 

diffractive, or hybrid principles [12,14–17]. 

The basic principle behind trifocal IOLs is the division of incoming light into three distinct focal 

points (far, intermediate, and near) using diffractive or refractive optical designs. This allows 

for improved spectacle independence across a range of visual tasks, particularly enhancing 

intermediate vision compared to earlier bifocal designs, which only provided distance and near 

focus. Trifocal IOLs achieve this for example by incorporating multiple diffractive steps or zones 

on the lens surface (based on the Fresnel zone plate), each corresponding to a different focal 

length, thereby distributing light intensity to all three foci simultaneously. Such designs, 

however, can be associated with increased photic phenomena such as halos and glare, and 

may reduce contrast sensitivity compared to monofocal lenses [18–22]. Fig. 2 gives an 

overview on the aforementioned optic principles. 

 

Figure 2: Principles of refractive and diffractive optics in IOLs. a) shows a monofocal refractive IOL with a base 

power of +20 D; b) shows a bifocal refractive MIOL with an additional power of +4 D in the center; c) depicts a 

diffraction surface profile based on the Fresnel zone plate resulting in an additional focus induced by the 1st 

diffraction order; d) gives an example of a bifocal MIOL with a refractive base power of +20 D and a diffractive 

additional power for near vision; D = diopters (Source: Created by the author). 
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EDOF IOLs use optical engineering, such as echelette diffractive patterns, manipulation of 

spherical aberration, or small-aperture designs, to create a single elongated focal point rather 

than multiple discrete foci and to minimize the drop in visual acuity between focal points [12]. 

Contrary to multifocal IOLs, this is supposed to result in a continuous range of clear vision, 

especially from distance to intermediate, with some functional near vision, with the intention to 

reduce the risk of dysphotopsias (halos, glare) and contrast loss compared to MIOLs [19,21–

23]. According to the German Society of Cataract and Refractive Surgery, the proportion of all 

multifocal and EDOF IOLs (including presbyopia-correcting toric IOLs) was 6.9 % in 

2022/2023, while in previous years, between 2.6% and 5.5% of all implants had been multifocal 

lenses [24,25]. Despite their advantages, patients implanted with MIOLs often experience 

dysphotopsias, particularly under low-light conditions, e.g. while driving at night [26,27].  

The perception of halos is influenced by various factors, including the spectral characteristics 

of the light source, the lens design, and the human visual system’s sensitivity to glare. To 

evaluate and quantify glare symptoms, Meikis et al. developed the Rostock Glare Perimeter 

method to measure age-related differences in disability glare and to detect binocular 

summation effects in healthy individuals, particularly at small visual field angles with high 

angular resolution [28].  

Traditional methods of studying halos rely on subjective feedback from patients through 

questionnaires [29,30] or interactive simulators [31,32]. However, these approaches are limited 

by the inherent subjectivity of human perception. Objective methods, such as the use of 

camera-based systems, provide complementary insights but require calibration to align with 

the logarithmic nature of human visual perception [33]. 

The experimental evaluation of IOLs is essential to verify their imaging properties and assess 

their performance against manufacturers' claims. Optical benches have become the standard 

for preclinical testing, enabling the analysis of key metrics such as modulation transfer 

functions (MTFs), point spread functions (PSFs), and through-focus energy distributions [34–

38]. The PSF describes how a point source of light is imaged by an optical system and also 

accounts for optical aberrations. In that context, the Airy disc is the ideal, diffraction-limited 

case of the PSF for a circular aperture. A narrower and more concentrated PSF indicates better 

optical quality and less light scatter, correlating with sharper retinal images. PSF is particularly 

useful for assessing the degree of halos and glare, which are relevant for multifocal and trifocal 

IOLs [22,39]. The MTF quantifies the ability of an IOL to transfer contrast at different spatial 

frequencies from the object to the image. Higher MTF values at a given spatial frequency 

indicate better contrast and resolution. The MTF is measured at various focal points to 

compare the optical quality of monofocal, trifocal, and EDOF IOLs.  

Defocus curves plot subjective visual acuity as a function of defocus (diopters), providing a 

profile of functional vision across different distances, while through focus curves objectively 
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plot the light intensity along the optical axis over a range of distances. Trifocal IOLs show three 

distinct peaks corresponding to their three focal points, while EDOF IOLs demonstrate a 

smoother, plateau-like curve, indicating continuous vision over a range of distances but 

typically less near acuity than trifocal IOLs [40,41].  

These metrics are essential for comparing IOL designs. The introduction of ISO standard 

11979-2 in 2000 established guidelines for optical bench setups, ensuring consistency and 

comparability across studies. The current standards are described by guidelines from 2024 

[42]. Modern optical benches allow for the capture of three-dimensional point spread functions 

(3D-PSFs), providing detailed insights into the light distribution caused by IOLs. A 3D-PSF is 

a three-dimensional representation of how an optical system (such as an IOL or microscope 

objective) responds to a point source of light. This data can be used to calculate cross-sectional 

images (CSIs) which are two-dimensional slices through the 3D-PSF generated by an IOL. 

These images visualize how light from a point source is distributed in space after passing 

through the lens, providing a direct, spatial representation of the lens’s focusing properties and 

aberrations.  

While CSI-techniques such as the fluorescein bath method [43,44] and optical bench light 

sheet-based imaging [45] are well-established, they are limited by the finite width of the light 

sheet or extracted volume, reducing image quality and signal-to-noise ratio [40,44,46]. 

This work builds on these techniques and demonstrates IOL performance results from an in-

house optical bench and a novel algorithm – improving the quality of CSIs and enabling more 

accurate comparisons between MIOL designs under varying conditions. 

Additionally, we show that the performance of MIOLs is highly wavelength-dependent, as 

diffractive efficiency decreases with longer wavelengths [47,48]. While most MIOLs are 

optimized for green light (546 ±10 nm) due to the eye’s peak sensitivity [49], clinical evaluations 

often employ near-infrared (NIR) light (780–1000 nm) for its practical advantages, such as the 

low NIR sensitivity of the human retina with reduced glare and increased retinal reflectivity 

[50,51]. This wavelength mismatch introduces challenges in assessing optical performance. In 

some MIOLs, NIR light disproportionately directs energy into the far focus, compromising the 

functionality of the near and intermediate foci. Studies have shown that this leads to 

discrepancies in wavefront aberrometry and double-pass measurements, potentially 

misrepresenting the IOL's true optical behavior [52–55].  

The challenges in evaluating MIOLs extend beyond optical bench setups and photic 

phenomena to include discrepancies in simulation and measurement data. While prior studies 

have used experimentally derived surface topography data for simulations [55,56], this work 

employs manufacturer-specified surface profiles to improve accuracy of optics simulations for 

the investigated IOL. This approach enables a more precise analysis of wavelength- and pupil-

size-dependent effects on diffraction efficiency and order distribution in an optical bench setup. 
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2. Purpose of work 

 

This research addresses critical challenges in evaluating the optical and perceptual 

performance of multifocal intraocular lenses (MIOLs) at the example of the diffractive trifocal 

AT Lisa Tri 839MP (Carl Zeiss Meditec AG, Berlin, Germany). By employing a new approach 

and comparative analyses, it bridges the gaps between experimental setups, simulation 

techniques, and clinical applications. 

A key focus is improving optical bench methods traditionally used for MIOL evaluation. While 

light sheet-based techniques, including those in optical benches [45] or those using 

fluorescein/ouzo/milk baths [43,44], have been widely used to visualize CSIs of IOLs, these 

setups are limited by the finite thickness of the light sheet, which reduces image quality and 

obscures fine structures.  

This research uses a novel image-processing algorithm that uses the rotational symmetry of 

IOL designs to enhance the quality of CSIs derived from optical bench data. Comparative 

analyses between the new method and the conservative fluorescein bath approach 

demonstrate advantages in terms of fine feature visibility, and overall image clarity. By 

automating the acquisition of 3D-PSFs and applying this algorithm, the study provides a more 

accurate representation of the optical properties of rotationally symmetric MIOLs. 

Further, this work explores the wavelength-dependent behavior of diffractive MIOLs, 

particularly under near-infrared (NIR) illumination, using the AT LISA Tri 839MP as a model. 

The research demonstrates that the investigated IOL’s near and intermediate foci substantially 

lose in intensity under NIR illumination, effectively making the IOL monofocal. These findings 

underscore the importance of visible-light-based techniques (400 - 700 nm) for accurate MIOL 

evaluation and warn against methodological flaws in NIR-based assessments.  

By using true surface topography data in comparative optical simulations, this research 

provides valuable insights into the wavelength-dependent performance of the investigated IOL. 

Through these contributions, this work advances understanding and evaluation methods, 

paving the way for improved patient outcomes in cataract and presbyopia treatments. 
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3. Methods 

3.1. IOLs and model corneas 

The studied IOLs were a diffractive trifocal IOL (AT LISA tri 839MP, Carl Zeiss Meditec AG, 

Jena, Germany) with a base refractive power of +22.5 D for the far focus, and additional powers 

of +3.33 D for near focus and +1.66 D for intermediate focus [Pub. I and II] and the same IOL 

with an optical base power of +25.0 D [Pub. III]. The investigated IOL type is a rotationally 

symmetric IOL which essentially means that its optical design and properties are identical at 

every meridian around its optical axis; in other words, its structure and refractive or diffractive 

features are invariant with rotation about the center of the lens. This symmetry means that, 

apart from mechanical imprecision, the IOL’s optical performance, such as PSF, MTF, and 

through-focus curve does not change with the orientation of the lens in the eye or on the optical 

bench. 

The model corneas used in the experiments are designed to replicate the optical properties of 

the human cornea, including refractive power and spherical aberration. The model cornea used 

in the fluorescein bath setup (MC 1) [Pub. II] is made of PMMA and has an anterior surface 

radius of 9.1 mm and a posterior surface radius of 6.5 mm. The anterior surface is shaped as 

a prolate ellipsoid with a negative asphericity of -0.4. It has a refractive index of 1.492. Within 

the optical bench setup [Pub. I and Pub. III] the VirtIOL model cornea  (MC 2) (Edmund Optics, 

Barrington, USA), an achromatic lens with an effective focal length of 40 mm and neutral 

spherical aberration, was integrated into the model eye. Both used model corneas have 

identical optical properties. 

3.2. Cross sectional imaging techniques for IOLs 

3.2.1. Fluorescein bath light sheet method 
 

In this technique, a thin sheet of light illuminates the IOL placed within a fluorescein-filled bath, 

positioned behind a model cornea (MC 1). The excitation of fluorescein highlights the light 

distribution through a diffractive trifocal IOL. A camera, aligned perpendicularly to the light 

sheet, is centered on its plane, captures the emitted light resulting from scattering and 

fluorescence. The observed intensity distribution in the CSIs depends on both the thickness of 

the light sheet and the degree of decentering or tilting of the IOL. 
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The setup uses a 532 nm laser diode as a light source. A 3.5 mm diameter round laser beam 

is reduced by a factor of ten by the beam expander and then focused through a converging 

lens onto a Powell lens, which transforms the Gaussian beam into a flat-top intensity profile, 

creating a uniform light sheet with a thickness of 0.35 mm. To collimate the diverging beam, a 

cylindrical lens is positioned after the Powell lens. An adjustable iris diaphragm further controls 

the length of the laser line, set to 5 mm for this experiment. Fig. 3 gives a schematic overview 

of the fluorescein bath setup based on the works of Reiß et al. [43].   

 

Figure 3: Scheme of the fluorescein bath method. Side (top) and top (bottom) views of the optical setup for the 

fluorescein bath method. A laser beam is passing a beam expander, shaped into a light sheet by a Powell lens, and 

further collimated by a cylindrical lens before passing through an adjustable aperture. The light-sheet then 

illuminates the IOL integrated into an IOL holder with a model cornea - all immersed in a fluorescein-filled basin. 

The resulting light distribution is recorded by a camera and analyzed via a connected computer (Source: Created 

by the author). 

 

The collimated light sheet passes through the model cornea and the MIOL in the fluorescein 

solution (see Fig. 4 a). The model cornea design follows the principles outlined by Holladay et 

al. [57]. The focal points formed by the MIOL are visible within the CSI of the fluorescein bath 

(highlighted in Fig. 4 b). The magnified section in Fig. 4 c) shows both the near and far foci by 

tracing the beam path, as schematically represented in Fig. 4 a). 
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Figure 4: CSI of a diffractive 

trifocal IOL. a) Schematic 

representation of the light 

distribution of the near, 

intermediate and far focus, b) 

light distribution in a fluorescein 

bath recorded with a laterally 

positioned camera. The focal 

area is marked with a white 

rectangle, whereby the different 

foci cannot be delimited. c) shows 

the magnification of the cut-out 

area from b), the course of the 

rays is drawn in so that the near 

and far focus can be 

differentiated, but the 

intermediate focus is not visible 

separately. Reprinted with 

permission from Elsner et al. © 

Thieme Klinische Monatsblätter 

der Augenheilkunde [Pub. II]. 

 

3.2.2. Optical bench based light sheet method 
 

Our custom-designed optical bench follows the ISO 11979-2:2024-12 standard [42] and is 

based on optical bench designs used by other research groups studying the imaging properties 

of IOLs [45,58,59]. Fig. 5 provides a schematic overview of the experimental setup used to 

capture the light distribution of the IOL. 

 

Figure 5: Schematic diagram of the optical bench for measuring the three-dimensional point spread 

function of intraocular lenses. The blue colored area within the model eye represents distilled water. To 

investigate the IOLs performance under different wavelengths four different light sources, a blue (1), red (2), green 

(3), and NIR (4) LED, were installed into the optical setup. Reprinted with permission from Elsner et al. © 

Translational Vision Science and Technology [Pub. III]. 
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Unlike in [Pub. I and II] where only a green LED (λc = 530 nm, λFWHM = 47 nm) was used, the 

optical bench was equipped with three additional LEDs in [Pub. III]:  a blue LED (λc = 463 nm, 

λFWHM = 23 nm), a red LED (λc = 628 nm, λFWHM = 15 nm) and a NIR LED (λc = 789 nm, λFWHM 

= 32 nm). The spectral characteristics of each LED were measured using a fiber optic 

spectrometer (AVASPEC-ULS4096CL-EVO, Avantes, Apeldoorn, The Netherlands). Fig. 6 

gives an overview of the applied spectra, central wavelengths λc and the associated full width 

half maximum (FWHM). 

 
Figure 6: Overview of 

spectral bandwidths. For 

each light source the 

associated spectral bands 

are shown, specified by 

central wavelength λc and 

FWHM. The intensity of each 

spectrum is given in counts of 

the spectrometer (Source: 

Created by the author). 

 

 

The light beam is first focused through a 10 μm pinhole (Thorlabs, Newton, NJ, USA) and 

subsequently collimated using an achromatic lens (f = 150 mm, AC254-150-A1, Thorlabs, 

Newton, NJ, USA). The diameter of the collimated beam can be adjusted using an aperture 

(SM1D12C, Thorlabs, Newton, NJ, USA). The model eye used in this setup was originally 

developed for the VirtIOL device (10Lens S.L.U., Terrassa, Spain), a see-through system 

designed for the simulated implantation of IOLs [60–62].  

The model eye consists of a model cornea (MC 2), an IOL holder with the IOL under testing in 

water immersion, and a rear window. However, since one surface of the achromatic model 

cornea is in contact with water, it no longer retains its achromatic properties. As a result, it 

does not fully comply with the ANSI Z80.35:2018 [63] and ISO 11979-2:2024 [42] 

specifications. Nevertheless, this study focuses on the effects of monochromatic light on the 

tested IOL rather than the impact of polychromatic light. Therefore, the exact degree of 

chromatic aberration at each focal point is not relevant to the conclusions drawn in this work.  

The illuminated area on the model cornea is adjusted using the iris diaphragm (aperture) 

positioned in the collimated beam right front of the model eye. The illuminated IOL diameter 

dIOL was determined for a set of diameters dA of the iris diaphragm using Ansys Zemax 

OpticStudio (ANSYS Inc. Headquarters, Canonsburg, PA 15317, USA). An almost linear 

relationship exists between the two diameters (see Table 1).  
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𝑑A in mm 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 

𝑑IOL in mm 2.12 2.54 2.96 3.38 3.80 4.22 4.65 5.07 

 

Table 1: Relationship between diameter of aperture dA and diameter of illuminated IOL surface dIOL. An 

almost linear relationship exists between the two diameters for the various pupil diameters that were set during the 

measurement series in this work. 

 

A microscope objective (IC-10 MD Plan, NA = 0.25, Olympus, Shinjuku, Japan) captures the 

light distribution in the focal plane of the model eye. A 12-bit monochrome CMOS camera (UE-

3880CP-M-GL, IDS Imaging, Obersulm, Germany) with a resolution of 3088 × 2076 pixels and 

a pixel size of 2.4 μm is mounted on a motorized translation stage (TRA25PPM actuator and 

NSC200 controller, Newport Corp., Irvine, CA, USA). The stage moves along the optical axis 

in increments of si = 7.63 μm, allowing for sequential imaging of the 2D-PSF at different axial 

positions. The camera and stage movements are controlled through a custom LabVIEW 2019 

SP1 (National Instruments, Austin, TX, USA) script, enabling automated acquisition of multiple 

images at each position. The resulting image stacks represent a 3D-PSF of the investigated 

IOL, with measurements taken for apertures dA ranging from 2.5 mm to 6.0 mm in 0.5 mm 

increments. For each axial position within the stack, six individual images of the 2D-PSF and 

the background signal were captured, allowing for precise reconstruction of the IOL's 3D light 

distribution. 

3.3. Optical bench analysis 

3.3.1. Image analysis algorithm for cross-sectional image determination 
 

A proprietary algorithm, introduced in [Pub. I], was developed in Mathematica 12.0 (The 

Wolfram Centre, Oxfordshire, UK) and used for automated analysis of the captured 3D-PSFs 

within the optical bench setup. The algorithm was used for image analysis in [Pub. I-III] of this 

work. Since the diffractive MIOL under investigation and its resulting 3D-PSF are rotationally 

symmetric, an annulus integration method was employed. The general procedure is as follows: 

Each camera image is divided into a small central disk and surrounding concentric annuli of a 

specific width. The intensity within each ring is then summed, normalized by its area, and 

plotted as a function of the ring number starting from the image center. A Gaussian function is 

fitted to this distribution. These arrays are then combined to generate a CSI, which, along with 

its mirror image across the optical axis, forms the averaged cross-section of the 3D-PSF. This 

process is explained in detail in [Pub. I], along with a method to address the decrease in 

resolution caused by the annulus integration approach. Fig. 7 gives an overview of the general 

workflow.  
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Figure 7: Overview diagram for the determination of intensity distributions and generation of rotationally 

averaged CSIs (RA-CSIs) using a dedicated image processing algorithm. For details, see text. On the left: 1) 

recording of a 2D-PSF; 2) determination of 2D-PSF pixels in annulus integration mask; 3) summed pixel intensities 

within each annulus area and Gaussian fit function G(r) over the distribution to calculate integral for energy efficiency 

η; 4) creation of mirror image on the optical axis based on the calculated intensities; 5) creation of RA-CSI by 

displaying 2D-PSF images of each travel position (e.g. 1.-4.) side by side; 6) final RA-CSI. On the right: The RA-

CSI results from the fusion of 281 single 2D-PSF images and is shown in logarithmic scaling. There are five 2D-

PSF images (A-E) in scaled, linear representation, taken at the position of the near focus (A), intermediate focus 

(C), far focus (E), and at two positions between the foci (B and D). r – radial distance from center, r0 - center position 

of Gaussian curve, IA – amplitude of Gaussian curve, c – scaling parameter for Gaussian width. IF – intensity in 

focus, ITotal – total intensity over the sensor (Source: Created by the author). 

For each axial position, the averaged 12-bit camera images and corresponding background 

images are imported and subtracted. Negative pixel values are replaced with zero values. To 

ensure proper alignment of each 2D-PSF image along the optical axis, each image is centered 

using the 2D-PSF image’s midpoint in a pre-processing step. The annulus integration method 

uses an annuli mask, which divides the image into a central disk and surrounding concentric 

rings with a constant width of 4 pixels. The pixel locations for the disk and each annulus are 

classified and stored in an annuli mask file, calculated only once since the image resolution 

remains constant throughout the experiments. The total intensity within each ring is calculated 
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by summing the pixel intensities, resulting in an intensity function based on the concentric 

rings.  As the radius increases linearly from the center, the area of each annulus also increases 

linearly, causing a proportional increase in noise. This noise is corrected using a linear 

correction function. Further information about the image analysis algorithm is given in [Pub. I]. 

In the following, the rotationally averaged cross sectional images are referred to as RA-CSIs. 

 

In the next steps the generation of through-focus curves and energy efficiencies is being 

discussed. Through-focus curves illustrate the intensity variation along the optical axis. The 

area used to calculate the through-focus intensity could be as small as one pixel. However, 

then the noise is greater compared to the averaged intensity of a small area around the focal 

point on the optical axis. To achieve the best signal-to-noise ratio a pixel area of 11 x11 pixel 

was chosen which is aligned to the optical axis. The intensity values within the pixel area of 

each 2D-PFS image are aligned side by side and then depicted as a through-focus curve.  

In this work, we distinguish between two energy efficiency measures that may appear similar. 

Scalar diffraction efficiency, as commonly defined in scalar diffraction theory (e.g., Faklis and 

Morris [48]), treats light as a scalar wave and is expressed in arbitrary units (cf. Fig. 13). It 

essentially corresponds to the through-focus intensity curve, representing the distribution of 

on-axis energy. In contrast, the energy efficiency 𝜂 is theoretically defined as the ratio of the 

light intensity at the focal point (𝐼F), which ideally corresponds to the intensity (𝐼Airy) of the focal 

points Airy disc, to the total incident light (𝐼L) (cf. Fig. 14). In practice, the total intensity of an 

image (𝐼Total) is the sum of (𝐼L) and the sensor noise (𝐼Noise), with defocused light excluded 

from the noise calculation, as described in Equation 1:  
  

𝜂 =  
𝐼F

𝐼L + 𝐼Noise
=  

𝐼Airy

𝐼Total
 

 

(1) 

 

Unlike scalar diffraction efficiency, this metric also provides information on the proportion of 

light distributed into the surrounding halo pattern. However, it does not specify the halo 

intensity as it is an integrated value. 
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3.3.2. Camera specifications 

 

Cameras are widely used in laboratory environments to detect light signals. Within the optical 

bench setup a 12-bit monochrome CMOS camera (UE-3880CP-M-GL, IDS Imaging, 

Obersulm, Germany) was installed [Pub. I and III]. For the fluorescein bath setup a Nikon D3 

camera (Nikon Corp., Tokyo, Japan) with a 12.0-megapixel CMOS sensor was used [Pub. II]. 

In that context, the most important specifications are quantum efficiency (QE), bit depth, 

dynamic range, and signal-to-noise ratio (SNR). 

QE of a camera sensor is defined as the ratio of the number of generated charge carriers 

(electrons or holes) to the number of incident photons on the sensor. It expresses how 

efficiently incoming photons are converted into an electrical signal and is typically given as a 

percentage. QE depends on the wavelength of the incident light, with certain wavelengths 

being detected more efficiently than others [64]. 

Bit depth refers to how many digital brightness levels a camera sensor can represent after 

analog-to-digital conversion and primarily affects the digital resolution of signal processing. For 

instance, in 8-bit images, signals can be represented with values ranging from 0 to 255, 

whereas in 12-bit images, the resolution increases to values between 0 and 4096 [65].  

Dynamic range refers to the range of light intensities a sensor can capture from the darkest 

detectable signal to the brightest before saturation and is usually expressed in stops (exposure 

value) or as a ratio (e.g., 1:20,000) [65].  

SNR is a measure of the signal strength relative to the noise and is a quality measure. A higher 

SNR implies either a stronger signal or lower noise and vice versa. SNR depends on both the 

signal strength and the noise level. In this work, the SNR is defined as described in Equation 2:  

  

𝑆𝑁𝑅 =
𝐴𝑆 − 𝐴𝑁

𝜎𝑁
 

 

(2) 

 

AS and AN, as the averaged amplitude of the captured signal and averaged amplitude of the 

noise, respectively, and σN denotes the variance of the noise [66,67]. 
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3.3.3. Optics simulation 

 
An optical simulation procedure was employed to validate the experimental results of green 

and near infrared light (NIR) measurements in [Pub. III]. This simulation was conducted using 

Ansys Zemax OpticStudio 2023 R2.00, enhanced with a user-defined surface model to 

accurately represent diffractive surface topographies and advanced mathematical methods for 

calculating diffraction efficiencies [47]. The simulation model consisted of an in-silico 

representation of the artificial model eye used in the laboratory experiments. It included the 

same components: a model cornea (achromatic doublet with an effective focal length of 40.0 

mm), the immersion medium (pure water), the IOL prescription (AT LISA tri 839MP +25.0 D), 

and a glass (B270) exit window (see Fig. 8).  
Figure 8: Optical layout of simulation 

environment. From left to right: The 

collimated light beam passes the 

aperture, continues through the model 

cornea and enters the IOL at the red 

surface (left side from the blue highlighted 

IOL immersed in distilled water, shown in 

gray) indicating a true topographical 

surface modeling of the diffractive profile. 

The rays then traverse an exit window 

before converging at the image plane on 

the right. Reprinted with permission from 

Elsner et al. © Translational Vision 

Science and Technology [Pub. III]. 

All optical materials were defined using dispersion formulas (Schott) to cover the entire 

polychromatic spectral range. Simulations were conducted using the same four spectral bands 

described in the experimental setup (cf. Fig. 6). The spectral intensity distribution for each band 

was resampled into 12 weighted wavelength data points to enable accurate polychromatic 

simulation. 

The system aperture, placed in front of the artificial model, was set to diameters of 3.5 mm and 

4.5 mm, corresponding to dIOL = 2.96 mm and dIOL = 3.80 mm on the IOL surface, to simulate 

the effects of photopic and scotopic pupil sizes on the imaging properties of the IOL. A through-

focus diffraction efficiency analysis was performed by varying the detector distance relative to 

the exit window. In the simulation, an absolute x-axis was defined, with 0 mm corresponding 

to the back of the rear window of the model eye. In contrast, the experimental measurement 

data was represented on a relative x-axis. To enable side-by-side comparison, the relative x-

axis of the experimental data was shifted so that the far focus overlapped with the green 

spectral band at 𝑑IOL = 2.96 mm (cf. Fig. 13).  
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4. Results 

4.1. Comparison of fluorescein bath and optical bench light sheet methods 

To compare conventional approaches as the fluorescein bath method and our RA-CSI method, 

the cross-sectional images in Fig. 9 show the observed light distributions of the AT LISA Tri 

839MP using a fluorescein bath (Fig. 9 (a)) and the optical bench with the new image 

processing algorithm (Fig. 9 (b)) at a dIOL of approximately 5 mm. The intensities are presented 

on a linear scale. A comparison of the images reveals that while ray trajectories are discernible 

with the fluorescein bath light sheet method, foci are limited or indistinguishable. The detail 

magnification, scaled in the µm range, highlights the limitations of the fluorescein bath light 

sheet setup but does not imply a general restriction of this methodology. In contrast, the new 

method (Fig. 9 (b)) enables a clearer localization of multiple foci. The near focus is observed 

at approximately 0.4 mm, the intermediate focus at 0.9 mm, and the far focus at 1.5 mm axial 

positions. For more details see [Pub. II]. 

 

Figure 9: Comparison between 

fluorescein bath CSI and 

RA - CSI. Comparison of the 

cross-sectional images of the AT 

LISA tri 839MP (+ 22.5 D) 

recorded using a) a fluorescein 

bath and b) an optical bench 

(pupil diameter dIOL ≈ 5.00 mm) in 

a linear intensity scaling. a) shows 

the light distribution recorded with 

a lateral camera in a fluorescein 

bath illuminated using a laser. The 

individual foci cannot be 

delimited. b) shows the light 

distribution of the same IOL 

illuminated by a green LED, 

calculated from the 3D-PSF 

values by means of an annulus 

integration method. Here, all foci 

are well distinguishable. 

Reprinted with permission from 

Elsner et al. © Thieme Klinische 

Monatsblätter der Augen-

heilkunde [Pub. II]. 
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4.2. Influence of light sheet thickness on cross-sectional images 

CSIs of the 3D-PSFs of IOLs are used to analyze their image-forming properties. These 

images are typically acquired using light sheet-based techniques. However, the non-negligible 

thickness of the light sheets imposes limitations on the image quality of the resulting cross 

sections. To analyze the influence of light sheet thickness, simulated CSIs were extracted by 

accumulating intensity data from narrow volumes of the 3D-PSF with simulated light sheet 

thicknesses of 15 (a), 150 (b), and 1500 (c) pixels from the averaged and background corrected 

images of the image stack. These specific pixel ranges were chosen to align with prior research 

and optical configurations: 

 

 (a): Chosen to examine fine wave propagation intensities within a narrow volume along 

the optical axis. 

 (b): Corresponding to the light sheet thicknesses used in fluorescein bath studies by 

Reiß et al. (0.35 mm) [43] and Eppig et al. (0.3 mm) [44], which translate to an average 

sensor width of approximately 150 pixels (≈ 159 px and ≈ 136 px, respectively) for the 

optical bench camera setup and the tested MIOL. 

 (c): Aligning with the approach of Peteclczyc et al. [45], who used a broader light sheet 

thickness to calculate through-focus PSFs. 

 

These simulated light sheet thicknesses translate to the experimental light sheet 

thicknesses (t) of 4.3 μm (a), 43 μm (b), and 430 μm (c), respectively, on the sensor. Here, an 

image stack consisting of six images and six background images per axial position in a 12-bit 

format were captured using the optical bench for an aperture diameter dA = 3 mm. This aperture 

size complies with ISO standard 11979-2:2024 [42], reflecting the reduced pupil diameter 

typical of cataract patients under photopic conditions [68,69]. Using the initial steps of the new 

algorithm, the background-corrected, centered 3D-PSFs were determined. Fig. 10 presents 

simulated CSIs with intensity values scaled linearly (left) and logarithmically (right) due to the 

linear response of the camera sensor and the logarithmic sensitivity of human eye [33]. The 

lateral image areas of the CSIs were trimmed and stretched to three times their original width 

perpendicular to the optical axis to improve the visibility of light rays. Each CSI was scaled to 

its maximum intensity. 
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Figure 10: Simulated CSIs of AT LISA Tri 839MP (+22.5 D). The CSIs are shown with intensity-dependent gray 

values for varying light sheet widths t. The left column displays linearly scaled intensities, and the right column 

shows logarithmically scaled intensities for an illuminated IOL diameter of dA = 3 mm. The near focus appears at 

an axial position of approximately 0.3 mm, the intermediate focus at about 0.9 mm, and the far focus at roughly 

1.35 mm. Reprinted with permission from © Optical Society of America [Pub. I]. 

The simulated CSI for t = 4.3 μm light sheet thickness reveals three well-defined focal points, 

with minimal overlap and visible ray extensions in the off-axis areas along the optical axis (see 

Fig. 10, top left). As the light sheet thickness increases, the separation between intermediate 

and far focus smears due to contrast loss, and ray extensions become more pronounced (see 

Fig. 10, middle and bottom left). These additional structures near the optical axis, particularly 

around the intermediate focus, are identified as halos caused by out-of-focus energy from other 

focal points [70]. These halos reduce visual acuity at specific distances [71]. 

Logarithmic scaling highlights fine structures across the image area for t = 4.3 µm, e.g. 

transitions between intermediate and far focus. An additional focal point is visible at 1.9 mm 

axial distance, likely corresponding to a negative diffraction order [72] (see Fig. 10, top right). 

The alternating bright and dark stripes appearing in the off-axis regions are most likely due to 

interference effects between light beams from different MIOL zones. 

Increasing the light sheet thickness (t) results in overlapping intensities, elevated background 

signals from outer regions, and diminished fine structure contrast for both linear and logarithmic 

scaling (see Fig. 10, bottom left and right).  

For consistency with previous studies using fluorescein baths [43,44], a light sheet thickness 

of t = 43 µm (b) was used for simulated CSI calculations in subsequent analyses.  
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4.3. Comparison of simulated CSIs to rotationally averaged CSIs 

Several MIOLs have a rotationally symmetric design, a property that we take advantage of to 

enhance image quality and increase the SNR. The new algorithm was applied to the acquired 

3D-PSFs to calculate RA-CSIs and was then compared with simulated CSIs regarding image 

quality, SNR, and the visibility of fine features. For the aperture configuration dA= 3 mm, the 

influence of background correction and averaging was analyzed as follows: 

Fig. 11 (a and e): Only one single 2D-PSF image per axial position was used. 

Fig. 11 (b and f): Only the first background image per axial position was subtracted. 

Fig. 11 (c and g): All six 2D-PSF and background images per axial position were averaged 

after subtraction. 

Fig. 11 (d and h): The averaged and background-corrected images were evaluated with the 

new algorithm (RA-CSIs). 

 

Figure 11: Comparison of simulated and RA-CSIs of AT LISA Tri 839MP (+22.5 D). The left column shows 

linearly scaled intensities, while the right column displays logarithmically scaled intensities. CSIs were acquired 

from different image stacks with an aperture of dA =3 mm and are shown in panels (a) - (h). Panels (a) and (e) 

display single captures at each axial position without background-signal correction, and panels (b) and (f) show the 

same data with single background-signal correction. Panels (c) and (g) illustrate six-fold averaged, background-

corrected data, all computed using the light sheet thickness (t = 43 μm). In contrast, panels (d) and (h) present 

averaged, background-corrected data calculated via the new algorithm (RA-CSIs). Each CSI is normalized to the 

maximum gray value. The near, intermediate, and far focus appear at approximately 0.3 mm, 0.9 mm, and 1.35 mm 

along the axial direction, respectively. Reprinted with permission from Sievers et al. © Optical Society of America 

[Pub. I]. 
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The simulated CSIs were calculated using the light sheet thickness t = 43 μm and compared 

to the new algorithm. CSIs in Fig. 11 (a) - (d) are linearly scaled, while those in Fig. 11 (e) - (h) 

are logarithmically scaled. In all CSIs, the near focus is located at ~0.3 mm, the intermediate 

focus at ~0.9 mm, and the far focus at ~1.35 mm. The near and intermediate foci are well 

separated, with a depth-of-focus behavior in-between, most likely in the interplay with spherical 

aberrations. Halos are also evident at the focal points, particularly around the intermediate 

focus. 

The comparison of Fig. 11 (a) - (c) shows no apparent differences in shape, contrast, or 

intensity under linear scaling. However, in the defocus zone between intermediate and far 

focus, separation of the focal points remains unclear. Under logarithmic scaling (Fig. 11 

(e) - (g)), the impact of background correction and averaging becomes evident. Background 

correction eliminates a gray overlay in Fig. 11 (f), while averaging enhances the visibility of fine 

details, as seen in the images off-axis areas (Fig. 11 (g)). 

The RA-CSIs produced by the new algorithm (see Fig. 11 (d)) separate the three focal points 

in linear scaling, with minimal intensity in defocus regions. Although interference effects at the 

outer focal areas are inevitably visible, they are less pronounced than in the simulated CSIs. 

Fine features in the off-axis areas, such as those at ~0.8 mm and near the lateral edges, are 

also reduced. In the logarithmic representation (see Fig. 11 (h)), the new method distinctly 

reveals the three focal points and associated ray patterns. Additionally, a fourth focal point at 

~1.9 mm is visible but clinically irrelevant, as it lies behind the retina.  

The SNR was calculated for the focal points using Eq. 2, with values derived from intensity 

response along the optical axis and 2D-PSF images associated with each focal point, 

respectively (see Table 1 [Pub. I]). Background correction improved the SNR by a factor of 

~1.3 for the CSI. Averaging of the 2D-PSF images increased the SNR by a factor of ~2.49 for 

the CSI. Both background correction and image averaging increased the SNR by a factor of 

~3.24. However, the new algorithm increased SNR values by approximately two orders of 

magnitude for the RA-CSIs. 

Both Fig. 11 and the SNR values highlight the improvements in image quality and fine feature 

visibility achieved by the new algorithm. To further explore its capabilities, wavelength 

dependent though-focus-curves and energy efficiencies of the investigated trifocal diffractive 

IOL are presented in the following chapter.  
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4.4. Wavelength dependence of IOL performance 

The through-focus curves for the AT Lisa Tri 839MP (+25.0 D) under green light (shown in 

green) and NIR light (shown in dark red) across dIOL ranging from 2.12 mm to 4.22 mm are 

presented in Fig. 12. Each diagram compares two dIOL, with dashed lines representing the 

smaller dIOL and solid lines the larger. Under green light, the through-focus curve for 

dIOL ≈ 2.12 mm (left diagram, dashed green line) displays two extended intensity distributions, 

indicating bifocal behavior with EDOF characteristics (see Fig. 12, top). When dIOL increases 

to ~2.5 mm (solid line), the IOL exhibits trifocal behavior. In Fig. 12 (bottom), three distinct foci 

are visible for both wavelengths. As dIOL increases the near and far foci shift to greater axial 

positions, while the intermediate focus remains largely independent of pupil size. 

 
Figure 12: Overview of the through-focus 

curves (TFC) measured under 530 nm (green 

lines) and 789 nm (NIR, dark red lines) 

illumination for a AT LISA tri 839MP (+25.0 D) in 

a model eye (using MC 2) across four dIOL. The 

figure shows that under NIR illumination more 

intensity gets directed into the far focus compared 

to green light, with less intensity being distributed 

into the near and intermediate focus. A wavelength 

dependent axial shift of the foci can be noticed, with 

a greater shift for greater wavelengths. The overall 

intensity increases with growing dIOL. Top: TFC 

data for dIOL of 2.12 & 2.54 mm. For a 2.12 mm, the 

IOL demonstrates a bifocal character under both 

green and NIR illumination (intensity scaled from 0 

to 5 for better visibility of graphs). Bottom: TFC data 

for dIOL 3.80 & 4.22 mm. (Source: Created by the 

author).  

 

 

The greatest axial shift with increasing pupil size occurs in the far focus under NIR light, 

followed by the far focus under green light. The distance between near and far foci (DNEAR-FAR) 

remains stable for green light, but increases under NIR light for increasing dIOL. This suggests 

a stronger dependence on pupil size under NIR light compared to green light. Switching from 

green to NIR light increases DNEAR-FAR from ~1.10 mm to ~1.60 mm (see Fig. 12). Interestingly, 

for the same MIOL, more intensity gets directed into the far focus under NIR illumination 

compared to green light, while the near and intermediate loose in intensity (Fig. 12, bottom). 

For dIOL = 2.12 mm, the IOL shows a smeared overlap of near and intermediate foci, reflecting 

bifocal behavior. For larger dIOL, the IOL exhibits trifocal behavior across all tested 
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wavelengths. More details about the specific shifts in focus position and intensity are given in 

[Pub. III]. Optical simulations using blue, green, red and NIR light confirmed the experimental 

results (see Fig. 13). 

 
Figure 13: Focal wavelength dependency of AT LISA tri 839MP (+25.0 D). This figure shows the through-focus 

curves for four different wavelengths (463 nm – blue lines, 530 nm - green lines, 628 nm – red lines and 789 nm – 

purple lines) and two dIOL, (A) 2.96 mm and (B) 3.80 mm. For clarity, the simulated curves (top) are shifted by +2, 

while in the middle, they are convolved with a 10 μm Gaussian filter, to account for the microscope’s depth of field, 

and shifted by +1 to better match the measurement data (bottom). With increasing wavelength more light gets 

directed into the far focus and the distance between near and far focus increases. Reprinted with permission from 

Elsner et al. © Translational Vision Science and Technology [Pub. III]. 

The top row shows simulation data, while the bottom row presents measurement data. Results 

for smaller (dIOL = 2.96 mm, dA = 3,5 mm) and larger (dIOL = 3.80 mm, dA = 4,5 mm) pupil sizes 

are displayed on the left and right, respectively, with intensity curves normalized. The 

simulation data, convolved with a Gaussian filter (10 µm width) to account for the microscope’s 

depth of field, aligns well with the measurement data. With increasing wavelength more light 

gets directed into the far focus (see Fig. 13, far focus position ≈16.5 mm/ +0 D), with the near 

and intermediate foci exhibiting a decrease in scalar diffraction efficiency in simulation (middle 

row) and measurement data (bottom row).  
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With increasing wavelength, the distance between near and far foci (DNEAR-FAR) grows, shifting 

the near focus to smaller axial positions and the far focus to larger ones.  

Energy efficiency (𝜂) quantifies the proportion of light contributing to each focus. Fig. 14 

compares energy efficiency as a function of pupil size for green light (left) and NIR light (right), 

highlighting differences between design wavelengths (green) and NIR light. While the far-focus 

through-focus intensity increases with pupil diameter (see Fig. 12), the energy efficiency 

decreases with increasing pupil size due to losses in halos and higher-order aberrations. 

 

Figure 14: Energy efficiencies of AT Lisa Tri 839MP (+25.0 D). These plots illustrate how the AT LISA tri 839MP, 

Carl Zeiss Meditec AG, Germany distributes energy to its near (●), intermediate (■), and far (♦) foci across different 

pupil sizes. The left panel shows results under 530 nm illumination (green light), and the right panel under 789 nm 

(NIR) illumination. Under NIR light, much more energy is shifted to the far focus, with significantly less directed to 

the near and intermediate foci - resulting in a predominantly monofocal behavior at NIR wavelengths. Reprinted 

with permission from Elsner et al. © Translational Vision Science and Technology [Pub. III]. 

Under green light, the far focus is nearly twice as efficient as the near and intermediate foci for 

small pupils but converges at larger pupil sizes. Under NIR light, however, the far focus 

remains more than four times as efficient as the other foci, even for larger pupils. Comparing 

both wavelengths, energy efficiency for the near and intermediate foci decreases from ~ 25 % 

(near) and ~ 18 % (intermediate) under green light to ~ 14 % (near) and ~ 9 % (intermediate) 

under NIR light at a dA = 4.5 mm. This aperture was chosen for comparability of previous 

studies on wavelength dependence of the investigated IOL by Vega et al. [55] (see Table 3 

[Pub.III]). 

Our findings demonstrate that under NIR light, significantly more energy is directed to the far 

focus compared to green light, where the energy distribution is more balanced. Consequently, 

while this specific diffractive IOL behaves as trifocal under visible light, it transitions to nearly 

monofocal under NIR light. This behavior should be considered in the clinical application of 

NIR-based devices (cf. Table 2) to evaluate diffractive IOLs. 
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 5. Discussion 

 

The evaluation of multifocal IOLs presents several challenges, particularly in accurately 

assessing their optical and perceptual performance. This synopsis highlights key findings from 

three distinct studies, presenting a unified perspective on advanced methodologies, 

wavelength-dependent behaviors, and perceptual phenomena associated with MIOLs. 

Traditional light sheet-based methods, including those in optical benches [45] or those using 

fluorescein/ouzo/milk baths [43,44], have been integral in generating CSIs to evaluate MIOLs. 

However, the inherent limitations of light sheet thickness constrain image quality, obscuring 

fine features such as halos and higher diffraction orders. Fluorescence intensity loss along the 

optical axis, scattering artifacts from particles in the fluorescein bath are factors that can lead 

to inaccurate representations of IOL optics. 

This research shows that image quality in optical bench analysis depends on light sheet 

thickness with thinner sheets giving better results. Artifacts and off-axis features are more 

prominent due to background signal and image averaging over the illuminated light sheet. The 

proprietary image analysis algorithm improves image quality by exploiting the rotational 

symmetry of IOLs, see [Pub. I]. It generates rotationally averaged cross-sectional images (RA-

CSIs) with higher SNR and better visibility of fine features, such as higher diffraction orders. 

This way, the MIOL’s different focal points can be well distinguished (see Fig. 9 and 11). 

Further, an additional focus could be detected (see Fig. 10), likely corresponding to higher 

diffraction orders due to the diffractive nature of the investigated MIOL [37,72]. Contrast loss 

in the fluorescein based or simulated CSI-techniques often renders them undetectable. 

Comparative analyses reveal that this new method provides superior fine-structure visibility, 

accurately delineating focal points and diffraction orders, see [Pub. II]. The new method also 

identified additional depth-of-focus behavior, most likely in the interplay with spherical 

aberrations, between intermediate and far focus regions for certain pupil sizes of the 

investigated IOL (see Fig. 11).  

Moreover, this research shows that the optical performance of the investigated trifocal 

diffractive MIOLs is highly wavelength-dependent, a characteristic often overlooked in clinical 

assessments utilizing near-infrared (NIR) light, as previously shown by Charman [52], 

Campbell [53] and Vega et al. [55,73]. Using the AT LISA tri 839MP as a model, studies 

revealed that NIR light leads to a substantial reduction in the intensity of near and intermediate 

foci, rendering trifocal lenses effectively monofocal (see Fig. 12 and 13). This is attributed to 

the wavelength-dependent scaling of diffraction efficiency and add power, as studies by Fiala 

et al. [47] and Faklis et. al [48] and experimental results confirm [55]. A metric for the 

performance analysis of MIOLs is the energy efficiency 𝜂 mentioned in Chapter 3.3.1., as it 

considers scattering, aberration, and out-of-focus images for each focus. Vega et al. [55] 
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analyzed the same diffractive trifocal IOL among others, employing the so called “light-in-the-

bucket metric” to calculate energy efficiencies. In contrast, our method uses a Gaussian fitting 

function (see Fig. 7). Notably, the relationship between energy efficiency ratios derived from 

experimental and simulation data is consistent across both setups but the magnitudes differ 

(cf. Table 3 [Pub. III]). NIR-based vision assessment methods, including wavefront sensors 

and double-pass systems, exacerbate these inaccuracies due to the redistribution of light 

energy into the zeroth diffraction order. Consequently, clinical evaluations relying on NIR light 

risk misinterpreting the multifocal capabilities of diffractive MIOLs.  

 
Table 2. Overview of commonly used commercial wavefront aberrometers and double pass systems that 

use NIR light. A Clarivate “Web of Science” search was used to obtain an estimated number of publications 

analyzing DMIOLs with devices using NIR light. For example, the search with the search parameters “iTrace AND 

diffractive IOL” yielded six results. The table comprises the device names, companies, used wavelengths and the 
number of citations found associated with studies on DMIOLs listed for each device. Please note that the references 
given do not claim to be complete (requested October 2025). 

 

NIR using device Company Wavelength 

in nm 

Found 

publications 

Citations 

Wavefront aberrometers 

iTrace Tracey Technologies, USA 785 6 [74–79] 132 

OPD Scan III Nidek Inc., USA 780 3 [80–82] 131 

HD Alcon LADARWave Alcon Inc., USA 820 3 [76,83,84] 219 

KR-1W/KR 1-W Topcon Corporation, Japan 820 - 840 1 [85] 62 

Osiris CSO S.r.l., Italy 850 1 [86] 56 

WASCA Analyzer 
Carl Zeiss Meditec AG, 

Germany 
850 0 0 

ZyWave Bausch & Lomb Inc., USA 780 0 0 

Wavescan Aberrometer 
Abbot Medical Optics Inc., 

USA 
785 0 0 

iDesign 
Johnson & Johnson Vision 

Inc., USA 
535 - 940 0 0 

Double pass systems 

Optical Quality Analysis System 
QQVision Ltd., China and 

Halma plc, UK 
780 8 [87–94] 347 

HD Analyzer Halma plc, UK 780 1 [95] 11 

Total sum   23 958 
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Table 2 gives an overview of NIR-based devices being used for studies on diffractive MIOLs 

underlining the need for an updated practice in the ophthalmologic community considering the 

high number of citations associated with this topic.  

Visible light, preferably at least three design wavelength from the visible spectrum, is 

recommended for accurate assessments, despite the challenges of low retinal reflectance [50]. 

Furthermore, the results from [Pub. III] underline the necessity of using precise surface 

topography data for simulations to achieve reliable predictions of MIOL performance, since this 

data differs between different publications [56,96,97]. Developing advanced visible-light-based 

diagnostic tools to replace NIR-based systems would address current methodological flaws 

and provide more accurate evaluations of diffractive MIOLs. These tools should aim to balance 

low light intensity to reduce glare while ensuring adequate retinal reflectance for reliable 

measurements. 

The new proprietary algorithm currently focuses on rotationally symmetric MIOLs to create RA-

CSIs. Extending this approach to accommodate asymmetric lens designs, such as those with 

refractive-diffractive combinations, would broaden its applicability and enhance its utility in 

diverse clinical scenarios. While the new image-processing algorithm marks a significant 

advancement, future research should explore more efficient programming languages, parallel 

processing with graphics cards (CUDA, OpenCL), and alternative interpolation techniques to 

reduce processing time while maintaining accuracy. Another limitation of this optical bench 

setup is the delicate and time-consuming alignment of the model eye holding the IOL within 

the optical path. For the generation of rotationally averaged CSIs, the IOL must be precisely 

centered and aligned with the optical axis. Even minor tilt or decentration can lead to an uneven 

light distribution within the annular integration mask and, consequently, to a loss of information 

in the RA-CSI. Automating the alignment process of the IOL within the optical setup would 

significantly accelerate and stabilize the measurement procedure. 

Even though optical benches have become the standard for preclinical testing, enabling the 

analysis of key metrics such as MTFs, PSFs and through-focus energy distributions to verify 

an IOLs’ performance against manufacturers' claims, the lack of standardized definitions for 

metrics such as energy efficiency in optical bench measurements complicates comparisons 

across studies. Establishing a universal benchmark would ensure consistency and reliability in 

MIOL evaluations.  

Moreover, the objective in vitro evaluation of IOLs using fluorescein baths or optical bench 

setups does not necessarily reflect patients’ in vivo perception of light phenomena and 

dysphotopsias, owing to the complex nature of retinal image processing. However, as 

mentioned in the introduction, approaches such as clinical questionnaires and interactive 

simulators evaluating dysphotopsias are likewise constrained by the inherent subjectivity of 

human perception, while not being fully able to assess the IOLs optical properties.  
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Therefore, there is a need for an approach that enables the comparison of objective and 

subjective IOL performance within a unified, camera-based setup for assessing the degree of 

halos and glare, associated with different multifocal IOL designs, while accounting for the 

above mentioned metrics, to provide patients the best possible visual outcome. 
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6. Conclusion 

 

The aim of this work was to address and explore challenges in the evaluation of intraocular 

lenses by employing an advanced optical bench setup and a novel image processing 

algorithm, and by comparing these to traditional techniques to identify methodological 

shortcomings in current evaluation techniques. In doing so, the work bridges the gap between 

experimental research and clinical application, offering a more comprehensive assessment of 

MIOLs. 

In [Pub. I] an image-processing algorithm exploiting rotational symmetry of IOLs was 

introduced, significantly improving the quality of CSIs obtained from the 3D-PSFs of the 

investigated trifocal IOL. By achieving an increase in the SNR of approximately two orders of 

magnitude, the algorithm enabled a more detailed visualization of fine structural features in the 

rotationally averaged cross-sectional images.  

[Pub. II] compared the traditional fluorescein-bath method with the algorithm derived RA-CSIs, 

showing an enhanced fine structure visibility, and accurate delineation of focus positions with 

the new method. These improvements provide deeper insights into the optical properties of 

rotationally symmetric IOLs, laying a foundation for more reliable analyses. 

The findings in [Pub. III] underscore the limitations of near-infrared (NIR) light in evaluating 

diffractive MIOLs. NIR illumination distorts diffraction efficiencies, causing near and 

intermediate foci to lose intensity and rendering the investigated trifocal IOL functionally 

monofocal. This study emphasizes the necessity of using visible light, preferably at least three 

design wavelength from the visible spectrum, for accurate in vitro and in vivo evaluations of 

MIOLs, while also advocating for precise surface topography data to improve optical 

simulations. In this context, conclusions regarding the postoperative in vivo imaging 

performance of diffractive MIOLs reported in previously published studies cannot be regarded 

as reliable.  

This research advocates for updated clinical practices and standards that align with the true 

optical properties of MIOLs. By refining these approaches, clinicians and researchers can 

better understand the optical performance and patient outcomes of these complex lenses.  
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7. Future Perspectives 

 

 With the help of simulated implantation techniques and a unified camera-based setup, going 

beyond the scale of optical benches, the ultimate goal is to bridge the gap between subjective 

and objective analysis of dsyphotopsias associated with IOLs. These photic phenomena, 

including halos and glare, significantly affect the visual comfort of MIOL users, in particular 

DMIOLs, especially under low-light conditions, e.g. while driving at night. 

Using high dynamic range (HDR) image creation, spanning at least five orders of magnitude, 

future works focus directly on the comparison of the generated HDR intensity profiles in 

comparison to subjectively perceived halo sizes. A central question in comparing different light 

sources is how to adjust them to the same perceived intensity, considering their different 

characteristics in terms of intensity and spectrum. Since camera sensors detect light in a linear 

manner [98], whereas the human retina responds logarithmically [33] and exhibits local 

neuroadaptation effects, it remains, to this date, impossible to accurately infer human visual 

perception from objective camera-based data. The basic idea of the setup is to adjust the 

forward currents of two different light sources so that they appear of the same brightness for 

the human eye. In this context, the study examines the imaging properties of three different 

IOL designs: a monofocal IOL as control, a diffractive trifocal IOL, and a diffractive EDOF IOL 

under various light sources, focusing on how wavelength or spectral bandwidth might influence 

halo patterns and sizes. As part of future works, the aim is to develop and implement a novel 

method for halo analysis below the intensity threshold of 10-4 (ISO standard 11979-2:2024) 

based on the hypothesis that strong oscillations in the PSF, as observed in Fig. 10 and 11 in 

the off-axis image areas, lead to more intense and stronger perceived halo patterns. The new 

algorithm is supposed to identify the width of the PSF containing such oscillations.  

An open question remains regarding how halos of diffractive IOLs depend on wavelength and 

spectral bandwidth, and how narrow-band light sources such as LEDs may generate more 

pronounced halo rings, influenced by the distribution of optical energy among diffraction orders 

and by interference effects at the lens phase steps. It also remains not fully understood how 

halo perception depends to neuroadaptational effects in the human retina rising the need for 

more detailed psychophysiological testing. Using simulated implantation devices like the 

VirtIOL (10 Lens S.L.U., Terrassa, Spain) or VisuEye system (Carl Zeiss Meditec AG, Berlin, 

Germany) and a camera-based setup for quantitative analysis, this work tries to compare 

objective halo measurements with subjective halo perceptions from 22 participants under 

different spectral conditions. This future research may have the potential to introduce a valid 

method to align subjective and objective halo perception and to close the gap between 

established questionnaires to describe halo perception and detailed camera based 

measurements.  
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Theses 

 

1) Die Katarakt, eine Trübung der natürlichen Augenlinse, stellt eine der häufigsten Ursachen 

für eine Sehverschlechterung im höheren Lebensalter dar. Ihre einzige kausale Therapie 

besteht in der operativen Implantation einer künstlichen Intraokularlinse (IOL). 

2) Monofokale IOLs erzeugen nur einen Brennpunkt und erfordern daher meist eine 

postoperative Korrektur durch eine Brille für Ferne oder Nähe. Multifokale IOLs (MIOLs) 

hingegen erzeugen mehrere Brennpunkte, z.B. für Ferne, Intermediärdistanz und Nähe, mit 

dem Ziel einer weitgehenden Brillenunabhängigkeit. 

3) Aufgrund ihrer diffraktiven und refraktiven optischen Prinzipien sind MIOLs häufig mit 

photischen Phänomenen wie Halos, Streulicht oder Blendungseffekten assoziiert, was eine 

präzise präklinische und klinische Evaluation dieser Linsen notwendig macht. 

4) Die Abbildungseigenschaften einer IOL lassen sich durch ihre Punktspreizfunktion (Point 

Spread Function, PSF) beschreiben. Auf Basis zahlreicher zweidimensionaler PSF-

Aufnahmen kann eine dreidimensionale PSF generiert werden, welche eine detaillierte 

Analyse der IOL Performance ermöglicht. 

5) Optische Bänke ermöglichen eine präklinische Charakterisierung von MIOLs, indem der 

Strahlenverlauf und die Fokuspunkte der MIOL mithilfe von Querschnittsbildern (Cross 

Sectional Images, CSI) visualisiert werden. 

6) Herkömmliche Verfahren nutzen u.a. die Anregung und Lichtemission von Fluorescein oder 

Lichtstreuung an Ouzo oder Milch in einem Wasserbad zur Darstellung von Strahlenverläufen 

und Fokuspunkten der untersuchten IOLs. Diese Verfahren sind jedoch anfällig für 

Signalüberlagerungen und Kontrastverluste innerhalb der Querschnittsbilder. 

7) In dieser Arbeit wurde der Einfluss der Lichtblattdicke auf die Qualität der Querschnittsbilder 

(CSI) untersucht. Eine zunehmende Lichtblattdicke führt zu einer Abnahme der 

Kontrastschärfe, da Hintergrundrauschen und Signale benachbarter Fokusebenen die 

Abbildungsqualität beeinträchtigen. 

8) Zur Optimierung der Bildqualität wurde ein neuartiger Bildverarbeitungsalgorithmus 

entwickelt, der das rotationssymmetrische Design von IOLs nutzt, um rotationsgemittelte 

Querschnittsbilder (Rotationally Averaged Cross-Sectional Images, RA-CSI) zu erzeugen. 

Dieser Ansatz führt zu einer signifikanten Verbesserung des Signal-zu-Rausch-Verhältnis und 

der räumlichen Auflösung feiner Lichtverteilungen. 
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9) Durch die rotationsgemittelten Querschnittsbilder lassen sich Fokuspositionen und 

Lichtverläufe mit höherer Präzision darstellen, was insbesondere für diffraktive MIOLs mit 

komplexen Beugungsordnungen von Vorteil ist. 

10) Auf Grundlage der RA-CSI-Daten können reproduzierbare Metriken wie Durchfokuskurven 

und Energieeffizienzen abgeleitet werden, die eine standardisierte und vergleichbare 

Bewertung der optischen Leistungsfähigkeit unterschiedlicher IOL-Designs ermöglichen. 

11) Es konnte gezeigt werden, dass Nahinfrarot-basierte (NIR) Messverfahren, die häufig in 

der klinischen Evaluation von IOLs eingesetzt werden, bei diffraktiven MIOLs zu fehlerhaften 

Ergebnissen führen können. 

12) IOLs werden im Allgemeinen für Licht im sichtbaren, v.a. grünen, Spektrum designt. Da 

refraktive als auch diffraktive IOL Designs wellenlängenabhängig wirken, verändert sich unter 

NIR-Beleuchtung die Lichtverteilung in den Fokuspunkten. Die untersuchte diffraktive, trifokale 

IOL verhält sich unter diesen Bedingungen nahezu monofokal, was auf die physikalischen 

Prinzipien der Lichtbeugung zurückzuführen ist. 

13) Die Fokuspositionen und Energieverteilungen variieren in Abhängigkeit von der 

Wellenlänge. Dies muss bei präklinischen und klinischen Messungen berücksichtigt werden, 

um Fehlinterpretationen der optischen Leistung diffraktiver IOLs zu vermeiden. 

14) Der entwickelte Algorithmus stellt eine präzise und reproduzierbare Methode zur optischen 

Charakterisierung von MIOLs dar, ist jedoch mit erhöhter Komplexität bei der IOL Justierung 

und mit langen Rechenzeiten verbunden. 

15) Trotz der hohen Aussagekraft der Messergebnisse von optischen Bänken lassen sich 

wegen der komplexen, in erster Näherung logarithmischen Empfindlichkeit des Auges daraus 

keine direkten Rückschlüsse auf die subjektive Wahrnehmung von Dysphotopsien, wie Halos, 

Streulicht oder Blendungseffekten, ziehen. 

16) Künftige Forschungsansätze sollten objektive optische Metriken mit subjektiven 

Wahrnehmungsanalysen in einem vereinheitlichten optischen Aufbau kombinieren, um die 

visuelle Qualität multifokaler IOLs umfassender beurteilen zu können und dadurch ein 

optimales Outcome für Patienten zu gewährleisten.  
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The following publications constitute the cumulative part of this dissertation. They are 

reproduced here with the kind permission of the respective publishers. The version of record 
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Abstract: Cross-sectional images of three-dimensional point spread functions of intraocular
lenses are used to study their image formation. To obtain those, light sheet-based methods are
established. Due to the non-negligible thicknesses of the light sheets, the image quality of the
cross-sectional images is constrained. To overcome this hurdle, we present a dedicated evaluation
algorithm to increase image quality in the post-processing step. Additionally, we compare the
developed- with the light sheet method based on our own investigations of a multifocal di�ractive
intraocular lens conducted in an in-house designed optical bench. The comparative study showed
the clear superiority of the newly developed method in terms of image quality, fine structure
visibility, and signal-to-noise ratio compared to the light sheet based method. However, since the
algorithm assumes a rotationally symmetrical point spread function, it is only suitable for all
rotationally symmetrical lenses.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

During cataract surgery, the natural eye lens is removed and replaced by an intraocular lens
(IOL). The simplest IOL is a monofocal lens [1]. In this case, patients can only see sharp at
one distance and need visual aids for other distances. Multifocal IOLs (MIOLs), among others,
provide independence from visual aids. These have two or more focal points [2]. Multifocality
of IOLs is realized by principles of refraction, di�raction, or a combination of both [3–5].

To verify the manufacturers’ data and to compare the optical properties of IOLs with each other,
experimental determination of these properties is essential. For this reason, it is an important
part of preclinical IOL testing.
Simpson used the EROS solid state MTF equipment (formerly Ealing Electro-Optics, now

Coherent, Santa Clara, USA) to capture the line spread functions and calculate the corresponding
modulation transfer functions (MTFs) using the Fourier transform [6]. Carretero et al. as well as
Bos et al. developed interferometric approaches based on an optical bench design to analyze
optical properties of IOLs. [7,8]. Ravalico et al. presented one of the first in-house optical
benches for capturing 2D-PSF images at the focal points of several IOLs and computed the
energy e�ciency [9]. All of these early stage optical benches had the similar characteristics of
the nowadays used optical benches like a collimated beam of light source, IOL stored in a model
eye, camera for data acquisition and computer for data processing, but each setup with di�erent
specifications and parameters and hence impeding direct comparisons of these early results.
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To ensure comparability of the optical IOL properties, the ISO standard 11979-2:2000-07 [10]
was established in the year 2000 recommending the use of an optical bench with special technical
specifications as the experimental setup for IOL examinations. Since its establishment, most
papers on the research of optical properties of IOLs focus on the determination of MTFs and
through-focus MTFs using optical benches, e.g. [11–15].

Generally, such a setup allows recording the 3D light distribution caused through the investigated
IOL by moving a microscope camera unit along the optical axis capturing images of the 2D point
spread function (2D-PSF) of the IOL at di�erent axial positions. By lining up all the images of
a captured image stack to a 3D image, the light distribution inside the volume corresponds to
the 3D point spread function (3D-PSF) of the investigated IOL. Using this technique, Millán
et al. captured the 3D-PSFs of three MIOLs to study the through-focus energy e�ciency and
longitudinal chromatic aberration [16]. Another important IOL property which can be calculated
from a captured 3D-PSF is the cross-sectional image (CSI). It is thus determined by cutting out a
thin volume of the captured 3D-PSF along the optical axis and averaging the lateral intensity
distribution line by line. To the best of our knowlede, Petelczyc et al. used this technique for
the first time to calculate the CSIs of six selected MIOLs using data captured with an in-house
optical bench [17].
Another approach to acquire CSIs of IOLs is the application of a fluorescein bath, which is

described in detail in [18]. A thin light sheet illuminates an IOL placed in a fluorescein bath.
The light distribution occurring behind the IOL becomes visible due to the fluorescence of the
excited fluorescein. Light emitted laterally to the optical axis of the system, due to fluorescence
and scattering, is captured by a camera mounted perpendicular to the resulting CSI. Due to the
finite width of the light sheet, the fluorescein molecules are stimulated within a volume along
the optical axis. Thus, the cross-sectional image captured by the camera equals the averaged
intensity distribution of the illuminated volume. The use of scattering particles like Ouzo or milk
powder is possible as well and o�ers an alternative to the fluorescein molecules [19,20].

The CSIs acquisition and analysis of IOLs is a well-established component of preclinical IOL
examinations [21]. These profiles are used to study the experimental image formation created by
the investigated IOL [22]. Further, important parameters such as through-focus curves, MTFs,
lateral intensity distributions and add powers of MIOLs can be derived from CSIs [19,20,23,24].
Both methods are light sheet-based and the standard for the determination of cross-sectional

images in this field of research but the thickness of the light sheet in the case of the fluorescein
bath or the width of the extracted volume in the case of the optical bench always results in an
image quality decrease of the investigated cross-sectional images.

Many IOLs have a rotationally symmetric design, a fact, that we exploit to increase the image
quality and signal-to-noise ratio. In this work, we use an in-house designed optical bench for the
automatic acquisition of 3D-PSFs at various pupil sizes for a trifocal di�ractive AT LISA tri
839MP (Carl Zeiss Meditec AG, Jena, Germany). In addition, we present a proprietary algorithm
for exploiting the rotational symmetry. The new algorithm was applied to the obtained 3D-PSFs
to determine the CSIs and subsequently compared with the standard, light sheet-based methods
in terms of their image qualities, signal-to-noise ratios, and fine feature visibilities.

2. Methods

2.1. Experimental setup

Our in-house designed optical bench is based on the ISO 11979-2:2014-12 standard [25] and the
documented optical benches of other working groups investigating imaging properties of IOLs
[17,26,27]. Figure 1 shows the schematic illustration of the experimental setup for obtaining
the IOL light distribution. The green LED light with a central wavelength �= 530 nm and a
FWHM= 47 nm passes a pinhole (10 µm, Thorlabs, Newton, New Jersey, USA) and is collimated
by an achromatic lens (f= 150mm, AC254-150-A1, Thorlabs, Newton, New Jersey, USA). The
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diameter of the parallel beam can be changed by an aperture (SM1D12C, Thorlabs, Newton, New
Jersey, USA). The model eye was originally designed for the VirtIOL (10Lens S.L.U., Terrassa,
Spain) device, which is a see-through device for the simulated implantation of IOLs [28–30].

Fig. 1. Schematic illustration of the optical bench for the measurement of the 3D-PSF of
the investigated IOL.

It consists of an achromatic lens (f= 40mm) as an artificial cornea on the front side, a glass
window on the backside, and an IOL holder in between. The medium inside the model eye is
distilled water. Simulations with the ray-tracing software FRED Optical Engineering Software
18.61.2 (Photon Engineering, Tucson, Arizona, USA) showed a linear dependency between the
aperture diameter dA and the illuminated diameter of the IOL dIOL:

dIOL = 0.978 · dA (1)

The scaling factor depends on the focal length and the distance between model cornea and IOL.
This distance was in our case about ⇡ 2.1mm. Behind the model eye, a microscope objective (IC-
10 MD-Plan, NA= 0.25, Olympus, Shinjuku, Japan) and a 12-Bit monochrome CMOS-camera
(UE-3880CP-M-GL, IDS Imaging Development Systems GmbH, Obersulm, Germany) with an
image resolution of 3088 ⇥ 2076 pixels and a pixel size of 2.4 µm are attached to a translation
stage which can be moved along the optical axis. Further, the translation stage is motorized using
a NSC200-Controller and a TRA25PPM actuator (both Newport Corporation, Irvine, California,
USA). The camera and the translation stage are both controlled by a dedicated script in LabVIEW
2019 SP1 (National Instruments Corporation, Austin, Texas, USA). Accordingly, multiple images
of the IOL light distribution can be captured automatically for di�erent axial positions. For
the presented experiments, the total travel distance of the translation stage s = 1.91mm with
an increment �s = 7.63 µm is used. Hence, a stack of images includes 251 images. For each
position, the light distribution and the background signal are captured multiple times.

2.2. Proprietary algorithm for cross-sectional image determination

A proprietary algorithm, written in Mathematica 12.0 (The Wolfram Centre, Oxfordshire, United
Kingdom), was used for automated analysis of the captured 3D-PSF. Considering the fact, that
the surface of the investigated di�ractive MIOL is rotationally symmetric and consequently the
3D-PSF too, an annulus integration method can be applied. In short, the general procedure is as
follows. Each camera image is divided into a small central disk surrounded by thin annuli with a
specific width. Afterward, the intensity in each zone is summed up, the background is estimated
by a linear fit and subtracted (cf. Fig. 2(a)). In the next step, this noise corrected intensity profile
is divided by its area (cf. Fig. 2(b)), resulting in an array of intensity values from the center to
the edge for each axial position. These arrays are then merged to form an image that, together
with its mirror image on the optical axis, produces the averaged cross-sectional image of the 3D
PSF. In the following, we will explain this procedure in more detail and how to circumvent the
aforementioned decrease in image resolution.
For each axial position, the averaged 12-bit camera images and the corresponding averaged

background images are imported and subtracted. Negative pixel values are replaced by their
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Fig. 2. (a) Exemplary explanation of the noise correction by a linear correction function.
Due to the linear area growth of the annuli and high gray values of the focal point area
comparing to the outer image regions. The peak of the shown intensity profile is not located
in the origin. (b) The noise corrected and annulus segment area normalized intensity course
as a function of the annulus segment number. The central peak is located in the origin.

absolute values. To ensure that the intensity distributions are not shifted with respect to the
concentric rings, the light distribution of each image is centered on the center point of the image.
The annulus integration method is realized using an annuli mask. This one is determined by
dividing the image for the used image resolution into a central disk and surrounding concentric
circular rings with a constant width of 4 px. The pixel positions of the disk and each annulus are
classified and saved in the file of the annuli mask which has to be calculated only once since the
image resolution remains the same during the experiments. However, due to the specific width
of each circular ring, the final cross-sectional image resolution is decreased in one dimension.
To circumvent the decrease, the corrected images are upsampled by a factor of four using cubic
spline interpolation (Mathematica function IMAGERESIZE with the method "Cubic"). With
the annuli mask, the pixel classified to one of the concentric rings can be extracted for each
enlarged image of an image stack (Mathematica function EXTRACT). Further, the intensity of
each concentric ring is calculated by adding up the intensities of the corresponding pixels. Thus,
the intensity distribution of each image is represented as an intensity function depending on the
concentric rings.
Due to the constant radius, the area of the concentric rings increases linearly from the center

outward to the periphery of the image. The noise term of the intensity signal thus increases
linearly from the center outwards. This noise signal, occurring in each of the new intensity
distributions of the images, is canceled out by a linear correction function and shown exemplarily
in Fig. 2(a). The uncorrected intensity curve, shown as –, and the corrected intensity curve,
shown as –, are presented as a function of the annulus segment number. The slope of the noise
correction function, illustrated as –, is determined by the intensity values of the 20 highest annulus
segment numbers, illustrated as - -, and the fact that the correction function has to pass through the
coordinate origin. Notice, the peak of the shown intensity as a function of the annulus segment
number is not located at segment number= 0, due to the linear area growth of the annulus and
high gray values of the focal point comparing to the outer image regions. The corrected intensity
curves are normalized to the various annulus segment areas that shifts the peak position to the
segment number= 0.
In the next step, the corrected and area-normalized 1D-intensity profiles of each image (see.

Fig. 2(b)) are lined up, mirrored, and presented as an overview graphic in intensity-dependent gray
values, which is the cross-sectional image of the investigated intraocular lens. A cross-sectional
profiles calculated with the new annulus integration method is referred to as rotationally averaged
cross-sectional image (RA-CSI) in the following.
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The highly parallelized Mathematica algorithm needs still ⇡ 40min for the complete evaluation
of an image stack with 251 images using a workstation equipped with an AMD Ryzen 9 3950X
processor with 16 cores at 3.493GHz (AMD, Santa Clara, USA) and 32GB RAM.

Throughout the rest of the manuscript, this proprietary algorithm is referred to as new algorithm.

2.3. Signal-to-noise ratio

The signal-to-noise ratio (SNR) is generally defined as the ratio of the averaged signal amplitude
divided by the noise variance. This metric is used to determine the quality of measured signals.
The higher the SNR value the better the quality of the measured signal. Depending on the field
of application, modifications of the general definition of SNR exist.
In this paper, the SNR is defined as:

SNR =
(AS � AN)
�N

, (2)

where AS and AN are the averaged amplitude pf the captured signal and noise, respectively, and
�N denotes the variance of the noise [31,32]. The amplitude of the signal AS is calculated by the
16 pixels around the center point of each 2D-PSF image. The variance �N and the amplitude AN
of the noise, respectively, are determined from four 2⇥ 2 pixels squares, one of which is located
in each corner of the respective 2D-PSF image.

2.4. IOL and measurement specifications

The IOL under investigation is a di�ractive trifocal AT LISA tri 839MP (Carl Zeiss Meditec
AG, Jena, Germany) with a base optical power for the far focus of 22.5 dpt with +3.33 dpt and
+1.66 dpt add powers for the near and the intermediate foci respectively.
Image stacks of the 3D-PSFs were measured for the value dIOL from 2.5mm to 6.0mm in

0.5mm steps. For each axial position of the image stacks, six single images were captured of the
2D-PSF and the background signal, respectively. The obtained 3D-PSFs were evaluated with the
previously explained algorithm.

3. Results

3.1. Influence of the light sheet width on the cross-sectional image

An image stack with six images and six background images for each axial position in a 12-Bit
format was captured using the presented optical bench for an aperture dA of 3mm. This pupil
diameter is prescribed by ISO standard 11979-2 [25] for the investigation of IOLs and has its
origin in the reduced pupil diameter according to the average age of cataract patients under
photopic conditions [33,34]. By using the first part of the new algorithm, the di�erent centered
and background signal corrected 3D-PSFs were determined.
In analogy to the light sheet-based method, the cross-sectional image of the 3D-PSF was

determined by extracting a narrow volume consisting of 15, 150, 1500 pixels, respectively, of the
averaged and background corrected images of the image stack. Those specific pixel ranges were
chosen for the following reasons, starting with the last one mentioned.

Peteclczyc et al. used an optical bench for recording 3D-PSFs of several MIOLs. Further, they
reported that "· · · Figure 4 shows Through-Focus PSFs (TF PSFs) composed of perpendicular
projections of all 101 PSFs, obtained for successive defocus values in the linear light intensity
scale. Each projection was created by calculating the cumulated intensities of every cross-section
of the PSF along the horizontal axis. . . ." [17]. Accordingly, we present also a horizontal
projection cross-sectional image (P-CSI) with a reduced width of 1500 pixels. In the case of
using a fluorescein bath, the investigated IOL is illuminated by a light sheet. ReiB et al. used a
light sheet with 0.35mm [18] and Eppig et al. a light sheet with a width of 0.3mm [20]. For
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the used optical components and the investigated trifocal MIOL, the latter width corresponds
on average of the three widths of the focal points to a sensor width of 159 pixels and the first
one to a sensor width of 136 pixels. Accordingly, those two widths of the light sheets match
on medium to a sensor width of ⇡ 150 pixels. Furthermore, the CSI is shown for a width of 15
pixels to investigate the intensity of the wave propagation in a thin volume along the optical axis.
The selected light sheet widths on the sensor of 15, 150, and 1500 pixels correspond to a light
sheet thicknesses t of 4.3, 43, and 430 µm, respectively.
Fig. 3 shows these cross-sectional images in intensity-dependent gray values with (left side)

linearly and (right side) logarithmically scaled intensities due to the linearity of the camera sensor
and the logarithmic visual perception of the human eye [35,36]. The lateral image areas of the
shown CSI, perpendicular to the axial position, are trimmed and stretched linearly to three times
the width of the original to improve the visibility of the separate light rays. Further, each of the
CSIs is scaled to its maximum intensity value. The near focus is at an axial position of ⇡ 0.3mm,
the intermediate focus at ⇡ 0.9mm and the far focus at ⇡ 1.35mm. First, we will take a closer
look at the linear scaled CSIs. The CSI of 4.3 µm width shows the three focal points, which are
clearly spatially separated from each other, as well as ray extensions at the outer focal areas along
the optical axis. As the thickness of the investigated volume increases, it can be observed that the
spatial separation between the focal points blurs, especially for the separation of intermediate
and far focus and the ray extensions at the outer focus areas become more visible. In addition,
more structures appear in the vicinity of the optical axis. These are especially present around the
intermediate focus and can be attributed to halos which are generated at each focal point by the
out-of-focus energy of other focal points [37] and lead generally to a reduction of visual acuity at
the specific distance [38].

Fig. 3. Influence of the di�erent light sheet width t on the cross-sectional image of the
investigated trifocal IOL in intensity-dependent gray values with (left) linearly- and (right)
logarithmically scaled intensities for an illuminated IOL-diameter dIOL = 2.93mm. The
near focus is at an axial position of ⇡ 0.3mm, the intermediate focus at ⇡ 0.9mm and the far
focus at ⇡ 1.35mm.

Due to the logarithmic visual sensitivity of the eye [39] and the lack of possibilities to present
high dynamic range content on low dynamic range media, the CSIs just presented are also shown
in logarithmically scaled intensities on the right side of Fig. 3. The comparison of the linearly and
logarithmically scaled CSIs averaged over 4.3 µm shows that the transition of the intermediate
and far focus is fluent in the logarithmically scaled illustration but fine structures of low intensity
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appear over the whole image area. In addition to the three focal points, another focal point appears
in this illustration at an axial distance of 1.9mm. Assuming positive di�raction order numbers
for the wanted di�raction orders, this focal point may be attributed to a negative di�raction order
[40,41]. Starting from the optical axis, there are alternating bright and dark stripes in the lateral
image areas, which are due to interference e�ects between the individual light beams from the
di�erent zones of the MIOL. Fine structure visibility terms hereafter the visibility and separation
of ray extensions, halos, ray patterns, and additional focal points.

By applying the light sheet-based method the selected image area is accumulated line by line
without considering the rotationally symmetric shape of the 3D-PSF of the investigated MIOL.
Consequently, with increasing t the fine structures are overlapped by the accumulated intensity,
further the background signal intensity from outer regions of the 3D-PSF increases, which all
result in a lack of fine structure visibility.
To ensure comparability with documented CSIs acquired with fluorescein baths, the width

t= 43 µm is used for calculating the CSIs of the light sheet-based method in the following.
Moreover, the trimming and linear stretching of the lateral image area perpendicular to the axial
position of the CSIs to three times of the original width is maintained.

3.2. Methods for image quality enhancement of 3D-PSF cross-sectional images

The optical bench allows the image recording of the 2D-PSFs and the corresponding background
images for several axial positions, which each can be averaged over multiple exposures for an
improved SNR. The influence of averaging and background signal correction was studied using
the investigations of the aperture configuration dA = 3mm. An image stack with six images and
six background images for each axial position was captured. For 4(a), only the first image per
position was used. For 4(b), the first background image was subtracted. For 4(c), the six 2D-PSF
images and six background images were each subtracted and averaged from each other. The
corresponding cross-sectional images were calculated using the light sheet-based method. For
4(d), the averaged and subtracted images were evaluated with the new algorithm. The respective
CSIs are shown in linearly scaled intensities in Fig. 4(a)-(d) and logarithmically scaled intensities
in Fig. 4(e)-(h). In each CSI, the near focus is located at an axial position of ⇡ 0.3mm, the
intermediate focus at ⇡ 0.9mm and the far focus at ⇡ 1.35mm. A clear separation of the near
and intermediate focus can be seen. Further, low-intensity ray extensions are seen focusing and
defocusing to various point positions along the optical axis. At the various focal points, especially
at the intermediate focus, halos appear in the outer image areas.

The comparison of three CSIs presented in Fig. 4(a)-(c) shows no di�erences in shape, contrast,
or intensity. Moreover, intensity is clearly visible in the defocus zone between the intermediate
and far focus. Consequently, the exact separation of these two focal points is not possible. The
influence of the background correction and the averaging is not visible in the linear illustration
but becomes apparent in the logarithmically scaled intensities comparing Fig. 4(e)-(g). The
background signal is emphasized by comparing Fig. 4(e) and Fig. 4(f) and looks like a gray shroud
lying over the CSI. The influence of averaging is not as obvious as the background correction but
becomes visible comparing the gray values in the outer image areas in the logarithmically scaled
illustrations (see Fig. 4(f) and Fig. 4(g)). For the case of background correction and averaging,
the rotationally averaged cross-sectional image (RA-CSI) was also calculated (see Fig. 4(d)).
Fig. 4(d) shows clearly the three focal areas in the linear scaled RA-CSI of the new method are
clearly separable (see Fig. 4(d)). Unlike the CSI of the light sheet-based method, there is no
intensity in the defocus regions along the optical axis. The ray extensions at the outer focal areas
can be seen in the linear illustration but are less prominent as in the light sheet-based method. In
addition, some fine features can not be seen in the outer image areas like in Fig. 4(c) and 4(g) e.g.
at 0.8mm and near the lateral edges. Comparing the logarithmically scaled representations (see
Fig. 4(e) - 4(h)), only the CSI of the new method reveals the three distinct focal points. Further,
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Fig. 4. CSIs determined from di�erent image stacks captured with dIOL = 2.93mm: (a), (e)
one captured picture for each axial position without background signal corrected and (b), (f)
- with background signal corrected, (c), (g) six times averaged and background signal
corrected, all calculated with the light sheet-based method with the width t= 43 µm, and
(d), (h) averaged, and background signal corrected, and calculated using the new algorithm.
The CSIs were each normalized to the maximum gray level of the four CSIs shown and
are thus directly comparable. Further, these are shown in intensity-dependent gray values
linearly and in logarithmically scaled intensities in the left and right column, respectively.
The near focus is at the axial position of ⇡ 0.3mm, the intermediate focus at ⇡ 0.9mm and
the far focus at ⇡ 1.35mm.

the individual ray pattern and halos are most evident in Fig. 4(g). It is worth noting that Fig. 4(g)
reveals another focal point at an axial position of 1.9mm. However, this has no relevance from
the patient’s point of view since this position lies behind the retina. The qualitative comparison of
these illustrations shows that CSIs of the new method demonstrates a better fine feature visibility.

The signal-to-noise ratio (SNR) is an important and widely used quantity to study the influence
of the di�erent steps on the image quality improvement and is therefore also an important
measurement to compare the quality of the captured signals. The axial positions of the focal
points and the corresponding 2D-PSF images were determined by analyzing the intensity response
along the optical axis and the respective 2D-PSF images of the di�erent focal points extracted
from the di�erent image stacks and investigation methods (light sheet-based and new). The SNR
values were calculated for the focal point images using the Eq. 2. For each of the four CSIs
shown in Fig. 4, the respective SNR was calculated using Eq. 2 and the previously calculated
largest values for AS, �N, and AN of the 2D-PSF images associated with a CSI.
Table 1 presents the calculated SNR values. The comparison reveals, that the background

correction increases the SNR values of the single images of focal points by ⇡ 26% and of the CSI
by ⇡ 33%. The image averaging increases the SNR of the single pictures on average by a factor
⇡ 2.30 and for the CSI by a factor ⇡ 2.49. With the new algorithm, the SNRs of the RA-CSIs and
the images of the focal points are increased by roughly two orders of magnitude. Both Fig. 4 and
the SNR-values show the impact of the new algorithm on the improvement of the image quality
and the fine feature visibility. The newly developed method may give a deeper insight into the
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experimental image formation. To study this in more detail, we use the light sheet-based and the
newly developed method to calculate CSIs and RA-CSIs of image stacks captured with di�erent
pupil sizes hereinafter.

Table 1. The calculated SNR values of the CSIs shown in Fig. 4 by using
Eq. (2). Further, the SNR of the image of the near, intermediate, and far
focus, respectively, were calculated for the different combinations of the
methods (light sheet-based and new annulus integration), averaging (AV),

and background correction (BG).

Specification SNR

Method BG AV Near Intermediate Far CSI

Light sheet-based - - 616 349 917 867

Light sheet-based + - 796 435 1144 1130

Light sheet-based + + 1906 811 3013 2810

Annulus integration + + 214 000 99 600 318 000 222 000

3.3. Cross-sectional images depending on the illuminated intraocular lens diameter

The previous chapter showed that the new method for determining the cross-sectional images
results in improved image quality. To obtain a deeper understanding of the image formation
of the investigated MIOL and to compare the two methods for determining the CSIs in more
detail, we study the CSIs depending on the illuminated IOL-diameter dIOL ranging from 2.44mm
to 5.87mm in 0.49mm steps, according to 2.5mm to 6.0mm using Eq. (1). The proprietary
algorithm was used for data processing and for determining the CSIs.
Fig. 5 shows the cross-sectional images calculated with the light sheet-based (left column)

and the newly developed method (right column) for several illuminated IOL-diameters dIOL in
logarithmically scaled intensities. The CSIs of each column were normalized to the maximum
gray level. The position of the near focus is at an axial position of ⇡ 0.3 - 0.4mm, of the
intermediate focus at ⇡ 0.9mm and of the far focus between ⇡ 1.35 - 1.55mm. In each of the
CSIs of both methods, the near focus is clearly separated in contrast to intermediate and far
focus. For dIOL of 2.44mm, the intermediate and far focus overlap. As the dIOL increases, the
intermediate and far focus become increasingly separated.

For dIOL � 4.4mm, the defocus zone of intermediate and far focus (axial position= 1.0 – 1.2mm)
shows the appearance of an additional focal point with very weak intensity, which becomes
clearly visible with increasing dIOL. In addition for dIOL � 4.89mm, a smearing of the three
main focal points towards higher values of axial distances is observed. Other details that become
visible only in the RA-CSI at dIOL 5.38mm and 5.87mm are occurring interference e�ects along
the individual ray extensions and halos in the outer image areas starting from the optical axis.

The comparison with the CSIs of the light sheet-based method (see the left column in Fig. 5)
shows that all the observed extra focal points along the optical axis in the RA-CSIs of the new
method are not detectable in these CSIs. The smearing of the focal points and the separation of
the halos, however, is noticeable to some extent. In the RA-CSIs of the new method (see the
right column in Fig. 5.) an additional focal point is visible at 1.9mm for dIOL from 2.93mm
to 3.91mm. For larger pupil diameters, this one may shift to axial positions outside the image
area shown. The observed additional focal points may be traced back to higher di�raction orders
because of the di�ractive character of the investigated IOL [14,40]. Due to their low intensity,
these are overlaid by o�-axis intensities due to the thickness of the virtual light sheet in the light
sheet-based method.
To investigate the distribution of intensity along the optical axis in more detail, the through-

focus curves were determined for the illuminated diameters 2.93mm, 4.40mm, and 5.87mm by
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Fig. 5. Cross-sectional images calculated (left) with the light sheet-based and (right) the
newly developed method depending on the illuminated IOL-diameter dIOL (denoted in the
upper left corner of each row) in logarithmically scaled intensity-depended gray values. The
near focus is at the axial position of ⇡ 0.3mm - 0.4mm, the intermediate focus at ⇡ 0.9mm
and the far focus at ⇡ 1.35 - 1.45mm.

calculating the mean intensity of an 11⇥ 11 pixel centered to the optical axis for each captured
image.

Fig. 6 shows the through-focus curve of dIOL = 2.93mm illustrated as –•–, dIOL = 4.40mm as
–N–, and dIOL = 5.87mm as –⌅–. The near focus is located in the axial position range between
0.3mm and 0.4mm, the intermediate focus at ⇡ 0.9mm, and the far focus between 1.35mm and
1.55mm. With increasing pupil size, the intensity in the focal points increases, and the additional
peaks, as seen in Fig. 5, between the axial distance of 1.0 - 1.2mm become visible. Interestingly,
for dIOL = 5.87mm, a shoulder appears on the right side of the near- and far focus, which is most
likely due to underlying peaks from a higher di�raction order. Additionally, the position of the
near and the far focus shift to higher axial positions with increasing pupil sizes.
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Fig. 6. Through-focus response as a function of the axial position for the illuminated
IOL-diameters dIOL 2.93mm, 4.40mm, and 5.87mm.

4. Discussion

Our study has shown that the implementation of the new proprietary algorithm exploiting the
rotational symmetry of IOLs has the advantage of image quality improvement of the corresponding
cross-sectional images compared to the light sheet-based method. With regard to the light
sheet-based method, we found that the smaller the thickness of the virtual light sheet the better
image quality and fine feature visibility of the illustration of the cross-sectional images is.
Petelczyc et al. [17] reported a projection cross-sectional image of the AT LISA tri 839MP

(Carl Zeiss Meditec AG, Jena, Germany) for a pupil size dA = 3mm, which is consistent with our
findings and shows similarities in the distance between the focal points, higher gray values in the
defocus zone between intermediate and far focus. Due to its di�erent aspect ratio, halos and ray
extensions are not as obvious as in the CSIs presented in Fig. 3. The greater SNR-values of the
newly developed method are an indicator for image quality improvement.
The comparison of the CSIs quality and the SNR-values of the light sheet-based and the

newly developed method clearly shows that an improvement of the CSI image quality and the
fine feature visibility is achieved fulfilled by the newly developed algorithm. Furthermore, the
individual fine structures like high di�raction orders, which have to be present in the case of a
di�ractive IOL, are clearly visible in a CSI for the first time. Accordingly, the extra focal points
occurring between the intermediate and the far focus for dIOL � 4.4mm raise two questions that
could be the subject of future experimental investigations and clinical trials. Do these focal points
improve the visual acuity in the intermediate and far distance? Accordingly, does the investigated
IOL have an EDOF-character (Extended Depth of Focus [42]) in the range of the intermediate to
the distant focus for dIOL � 4.4mm?

We observed an overlap between the intermediate and far focus in the CSIs and the RA-CSIs
for dA = 2.5mm. Consistent with our findings Vega et al. [43] reported that, based on the depth
of field of a gaussian beam, the smaller the entrance pupil the longer the extension of the focus
spot along the optical axis is, which lead to overlap between di�erent focal point areas of MIOLs.
In general, the calculation of the modulation transfer function (MTF) is often preferred, which is
the quantity is the squared magnitude of the PSF, and easily and quickly accessible due to the
fast Fourier transform [26]. Ruiz-Alcocer et al. investigated pupil size dependent through-focus
modulation transfer function of the same IOL under investigation [44]. In accordance with our
results, they observed only a peak for the near and far focus without an intermediate peak for
dA < 3.0mm. Consequently, the overlapping of the intermediate- and far focus is due to the
properties of the studied IOL.
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In contrast to the newly developed method, the beam profiles of the light sheet-based methods
show a very intense ray pattern even apart from the optical axis [17,19–21]. However, comparing
to the newly developed method, which does not exhibit all of these o�-axis light features, it
evidently shows that methods based on light sheets of certain width give potentially misleading
or even wrong results. Further, with our method we find an additional focal point behind the far
focus, which may be attributed to a di�raction order of opposite sign compared to the di�raction
orders of intermediate and near focus.

In the case of applying a fluorescein bath or an optical bench for the light sheet-based method,
three critical thoughts should be mentioned. Firstly, the wider the light sheet, the more intensity
is included from the image regions laterally distant from the optical axis, resulting in deviating
cross-sectional images. Based on the fact that in the case of the fluorescein bath the beam profile
is recorded by a side-mounted camera that captures an image averaged over the illuminated
light sheet width, increasing the width of the illuminated light sheet would not result in any
improvement in image quality. Secondly, it must be taken into account that fluorescence is
based on a preceding absorption and hence the intensity along the optical axis may decrease.
Stating this, it is not possible to guarantee, that a through-focus curve obtained from this method
describes the intensity distribution along the optical axis correctly. This fact has not been studied
till now. Thirdly, the image quality is usually reduced due to image artifacts resulting from the
scattering dust of the used particles [19,20]. These critical problems are avoided by the approach
of an optical bench in combination with the new algorithm.

Furthermore, axial smearing of the focal points was observed for the RA-CSIs in Fig. 5. The
investigated MIOL has a spherical aberration (SA) of -0.18 µm for a 6.0mm eye pupil to partially
compensate a part of the natural positive SA of the human eye [45]. The observed smearing along
the optical axis towards larger values of the axial position implies that the interaction between
the SA of the model cornea and the MIOL creates a negative SA.

The through-focus curves show like the previous RA-CSIs higher di�raction orders and further
an obvious drifting of the near and far focus to larger values of the axial position. Thus, the
smearing may also be caused by superpositions of the main focus with a peak of a higher
di�raction order, which is important especially for large pupils. This should be investigated in
further research projects. The proprietary algorithm was developed for rotationally symmetric
IOLs like monofocal and most multifocal di�ractive IOLs. In addition to these IOLs, other MIOL
design approaches exist that are based e.g. on the light sword method [17] or the combination of
di�erent refractive elements [46]. Due to their consequently asymmetric 3D-PSF, the application
of the new algorithm will produce inaccurate CSIs leading to misinterpretations and wrong
conclusions about the investigated IOLs. Recent IOL-designs compensating the aberrations
induced by imaging at the kappa angle [47] are not rotationally asymmetric, however, their
3D-PSF should be symmetric, if the model eye is appropriately rotated around the nodal point.
Hence, such IOLs could be evaluated using the newly developed method.
A drawback of the new algorithm is the long calculation time of the algorithm tC ⇡ 40min.

The time consuming part of the algorithm originated from the fourfold increased edge length
of the images using cubic-spline interpolation (38%of tC) and the annulus integration method
(48%of tC). Accordingly, each image is increased from 3088⇥ 2076 pixels to 12352⇥ 8304 pixels.
The application of another software such as Python, e.g. using SciPy [48],Matlab (TheMathWorks
Inc., Massachusetts, USA), or more e�cient image processing algorithms of Mathematica (The
Wolfram Centre, Oxfordshire, United Kingdom) may reduce the high calculation time. Other
approaches may also include the parallel evaluation of graphic cards using CUDA [49] or OpenCL
[50].

However, CSIs are widely used to understand the functional principles of di�erent IOLs. The
combination of an optical bench and the newly developed evaluation method allows a precise
determination of the cross-sectional images of rotationally symmetric IOLs.
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5. Conclusion

This work compares di�erent post-processing approaches for improving the quality of CSIs of
IOLs, which are tested exemplifying on own captured 3D-PSFs of the AT LISA tri 839MP (Carl
Zeiss Meditec AG, Jena, Germany). Further CSIs of the investigated IOL are presented for eight
di�erent pupil diameters by using two di�erent visualization methods, the light sheet-based and
the newly developed method, which for the first time specifically exploits the rotational symmetry
of most IOLs like the AT LISA tri 839MP (Carl Zeiss Meditec AG, Jena, Germany).
The comparative study showed the clear superiority of the newly developed method in terms

of image quality and signal-to-noise ratios compared to the light sheet based method. In addition,
fine structures of the investigated MIOL like higher di�raction orders become visible in the
CSIs of the newly developed method. Moreover, the o�-axis intensities, e.g. halos, are now
distinguishable with higher contrast and therefore easy to identify compared to other methods.
The new algorithm will allow a better understanding of the character of the real experimental
image formation induced by IOLs, which was previously limited using the light-sheet based
method due to technical restrictions.

It is subject to future research, to extend the newly developed method to the determination of
important optical properties of IOLs such as energy e�ciency, modulation transfer function, or
longitudinal chromatic aberration.
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ABSTRACT

Background For quantitative and qualitative evaluation of

the imaging properties of IOLs, axial cross-sectional images

can be obtained from the 3-dimensional light distribution by

means of an optical bench, as is known from light sheet re-

cordings in fluorescein baths. This paper presents a new im-

age-processing algorithm to enhance the quality of generated

axial cross-sectional images, and the two methods are then

compared.

Material and Methods The 3-dimensional point spread

function of a diffractive trifocal IOL (AT LISA tri 839MP, Carl

Zeiss Meditec AG, Jena, Germany) was recorded on an optical

bench developed in Rostock for different pupil diameters. A

specially adapted image processing algorithm was then ap-

plied to the measurements, allowing through-focus curves to

be generated. In addition, cross-sectional images of the IOLs

studied were acquired using the light sheet method in a fluo-

rescein bath.

Results The study clearly shows the superiority of the newly

developed method over the light sheet method in terms of

image quality. In addition to the individual focal points, fine

focal structures as well as halos can be made visible in the

cross-sectional images obtained using the new method. In

the generated through-focus curves, 3 intensity peaks can

be identified, which represent the near, intermediate and far

focus of the tested MIOL and cannot be represented by light

sheet methods.

Conclusion The interaction of the optical bench with the de-

veloped image processing algorithm allows a more detailed

understanding of the image formation and false light phe-

nomena of IOLs, which was restricted by the technical limita-

tions of the existing light sheet method. In addition, other

quantities such as the through-focus curve can be derived

quantitatively.

ZUSAMMENFASSUNG

Hintergrund Zur quantitativen und qualitativen Bewertung

der Abbildungseigenschaften von IOLs können mittels einer

optischen Bank axiale Querschnittsbilder aus der 3-dimensio-

The Rostock Method for Qualitative and Quantitative
Evaluation of Intraocular Lenses

Die Rostocker Methode zur qualitativen und quantitativen
Bewertung von Intraokularlinsen

Experimentelle Studie
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Introduction
During cataract surgery, the native lens of the eye is removed and
replaced with an intraocular lens (IOL). While patients with simple
monofocal lenses [1] can only see sharply at a single distance,
multifocal IOLs (MIOLs) with 2 or more focal points [2] potentially
offer the possibility of being spectacle-free. The multifocality of
IOLs can be realized through the principles of refraction, diffrac-
tion, or a combination of both [3,4]. In order to verify imaging
quality as well as to compare the performance of IOLs, it is essen-
tial to determine their properties experimentally. For this reason,
this should be an essential part of the IOL development pipeline.

There are a number of ways to study the imaging properties of
IOLs on so-called optical benches. Since the 1990s, a wide variety
of approaches have been taken [5–8]. They have several distinc-
tive components, such as a collimated light beam, an IOL
mounted in a water-filled model eye, a camera for data acquisi-
tion, and a computer for data processing. However, many details
of the respective setups differed, which often prevented a quanti-
tative comparison of the results. The ISO 11979-2 :2000-07 stan-
dard was introduced in 2000 to address this problem. It recom-
mends the use of an optical bench with special technical require-
ments as an experimental setup for IOL examinations. On this ba-
sis, different research groups have studied MIOLs in terms of en-
ergy distribution [9], longitudinal chromatic aberration [10], and
with a focus on cross-sectional imaging [11,12].

In addition to the visualization of e.g. test images or visual
signs, the point spread function (PSF) can also be recorded. In this
process, a point light source is imaged onto a camera. In many
cases, this image contains small distortions due to aberrations,
which is why the PSF is a measure of imaging quality. Subse-
quently, the modulation transfer function (MTF), also a measure
of imaging quality, can be calculated from the PSF, but it is more
likely to provide information about detail contrast and contains
less information.

Strictly speaking, however, this PSF is not just a 2-dimensional
(2-D) image at the focal point perpendicular to the optical axis,
but a 3-dimensional (3-D) distribution of light around the area of

the focal point. While often only 2-D PSFs are recorded and eval-
uated, it is also possible to record these 3-D PSFs by taking multi-
ple camera shots in the area of the focal point. From these data,
sectional images along the optical axis can be calculated, which
in principle correspond to the known images of the light sheet
method [11,13] and represent the beam path.

Using the light sheet method, several research groups have al-
ready determined the scattered light effects of MIOLs [14] or their
optical performance for visualizing nearby objects [15]. Through-
focus curves can also be calculated on the basis of fluorescein
bath cross-sectional images, as Eppig et al. showed [11], but
these are not capable of reproducing the intensity distribution
realistically.

There is therefore a need to develop a novel approach for re-
cording and analyzing 3-D light distributions following the intro-
duction of an IOL. This paper presents a dedicated optical bench
that allows spatial intensity distributions to be recorded after IOL
placement and can be used to calculate cross-sectional images
and through-focus curves using a novel image processing algo-
rithm for rotationally symmetric IOLs. The results of the axial light
distribution are compared with the light sheet method.

Materials and Methods

IOL and model corneas used

The MIOL studied was a diffractive trifocal IOL (AT LISA tri 839MP,
Carl Zeiss Meditec AG, Jena, Germany) with a basic refraction for
the far focus of 22.5 dpt and an addition of + 3.33 dpt for the near
and + 1.66 dpt for the intermediate focus. The corneas used for
the respective methods are based on the optical properties of
the human cornea (refractive power and spherical aberration).

Light sheet method

In this method, a thin sheet of light illuminates the IOL, placed in a
fluorescein bath, through a model cornea. The fluorescence exci-
tation reveals the light distribution of the illuminated IOL (cf.
▶ Fig. 1b). A camera positioned laterally at right angles and cen-

nalen Lichtverteilung erstellt werden, wie sie von Lichtblatt-

aufnahmen in Fluoresceinbädern bekannt sind. In dieser Ar-

beit wird ein neuer Bildverarbeitungsalgorithmus zur Verbes-

serung der Qualität solcher generierten axialen Querschnitts-

bilder vorgestellt und beide Methoden werden miteinander

verglichen.

Material und Methoden Die 3-dimensionale Punktspreiz-

funktion einer diffraktiven trifokalen IOL (AT LISA tri 839MP,

Carl Zeiss Meditec AG, Jena, Deutschland) wurde an einer in

Rostock entwickelten optischen Bank für unterschiedliche

Pupillendurchmesser aufgenommen. Anschließend wurde

ein speziell angepasster Bildverarbeitungsalgorithmus auf die

Messungen angewandt, der die Generierung von Durchfokus-

kurven erlaubt. Zusätzlich wurden Querschnittsbilder der un-

tersuchten IOL unter Verwendung der Lichtblattmethode in

einem Fluoresceinbad aufgenommen.

Ergebnisse Die Studie zeigt deutlich die Überlegenheit der

neu entwickelten Methode in Bezug auf die Bildqualität ge-

genüber der Lichtblattmethode. Neben den einzelnen Fokus-

punkten können in den Querschnittsbildern der neuen Me-

thode sowohl feine Fokusstrukturen als auch Halos sichtbar

gemacht werden. In den generierten Durchfokuskurven las-

sen sich 3 Intensitätsspitzen erkennen, die den Nah-, Inter-

mediär- und Fernfokus der getesteten MIOL darstellen und

mittels Lichtblattmethoden nicht darstellbar sind.

Schlussfolgerung Das Zusammenspiel der optischen Bank

mit dem entwickelten Bildverarbeitungsalgorithmus ermög-

licht ein detaillierteres Verständnis der Bildentstehung und

Falschlichterscheinungen von IOLs, was mit der bisherigen

Lichtblattmethode aufgrund technischer Beschränkungen

nur begrenzt möglich war. Darüber hinaus lassen sich weitere

Größen wie z. B. die Durchfokuskurve quantitativ ableiten.
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tered on the light sheet can be used to capture the light emitted
by scattering and fluorescence. The intensity distribution of the
cross-sectional images depends on both the thickness of the light
sheet and the decentering/tilting of the IOL.

The setup used here employs a laser diode with a wavelength
of 532 nm. The design of the model cornea is based on studies by
Holladay and colleagues [16]. The round beam profile with a
diameter of 3.5mm was reduced 10-fold and focused with a con-
verging lens onto a downstream Powell lens, which is used to con-
vert from a Gaussian to a flat-top intensity line profile and ulti-
mately generate a light sheet of thickness 0.35mm. To collimate
the divergent beam path, a cylindrical lens was placed at the end
of the Powell lens. The subsequent iris diaphragm makes it possi-

ble to adjust the length of the laser line – here to 5mm. The colli-
mated light sheet entered the model cornea through a water bath
containing fluorescein. ▶ Fig. 1a shows the schematic formation
of the focal points in a MIOL. The foci are located in the high-
lighted section of the fluorescein bath cross-sectional image in
▶ Fig. 1b. The enlarged section of ▶ Fig. 1b shown in ▶ Fig. 1c al-
lows the near and far focus to be visualized by tracing the course
of the beam, as shown schematically in ▶ Fig. 1a).

Optical bench

The optical bench developed in-house is based in principle on the
concepts of other working groups and the ISO standard men-
tioned above. ▶ Fig. 2 shows the schematic measurement setup.
By means of an achromatic lens, green LED light (with a central
wavelength of 530 nm) is collimated as it passes through a pin-
hole. A pupil aperture can be used to change the diameter of the
parallel beam. The model eye originally developed for the VirtIOL
(10Lens S. L.U., Terrassa, Spain) – a through-the-lens device for
simulated implantation of IOLs [17,18] – is integrated into the
optical setup. The water-filled model eye essentially consists of
3 components. On the front side there is an artificial cornea (mod-
el cornea), on the back side a glass window and in between there
is an IOL holder with the IOL to be examined. The model cornea
used here is an in-house design made of PMMA, and has a refrac-
tive power of D = 43 dpt with a spherical aberration of SA =
+ 0.28 µm. The real image generated by the model eye is magni-
fied by a combination of microscope objective and tube lens onto
a monochrome 12-bit CMOS camera. The objective lens, tube lens
and camera are mounted on a motorized sliding stage. This can be
moved along the optical axis, allowing automated acquisition of
multiple images of the IOL light distribution at different axial posi-
tions along the optical axis. For the analyses presented here, the
total range of travel of the displacement stage is sG = 1.75mm
with an increment sI = 7.63 µm.

The following refers to the axial position in relation to the range
of travel.

Image processing algorithm for
rotationally symmetric IOLs

A proprietary algorithm written in Mathematica 12.0 (The Wolf-
ram Centre, Oxfordshire, UK) was developed for automatic analy-
sis of the recorded 3-D PSF. In doing so, the algorithm exploits the
rotational symmetry of the 2-D PSF, which is due to the rotation-

▶ Fig. 1 Cross-sectional images of the IOL under investigation.
a Schematic representation of the light distribution of the near,
intermediate, and far focus. b Light distribution in a fluorescein
bath recorded with a laterally positioned camera. The focal area is
marked with a white rectangle, but the different foci cannot be dis-
tinguished. c Shows the magnification of the cutout area from b,
the beam is narrowed such that the near and far focus can be dif-
ferentiated, but the intermediate focus is not visible separately.

▶ Fig. 2 Schematic structure of the optical bench for measuring the 3-dimensional point spread function of intraocular lenses. The model eye is
filled with water (shown in blue).
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ally symmetric structure of the diffractive MIOL being studied.
The basic idea of the algorithm is as follows: Each camera image
is divided into many concentric circular rings having a constant
width, with midpoints on the optical axis. The intensity in each
ring segment is then added up and standardized by dividing it by
the area of the respective segment. This creates an array of inten-
sity values from the center to the edge for each axial position.
These arrays are then combined to form an image which, due to
axial symmetry, together with its mirror image on the optical axis,
gives the averaged beam profile of the 3-D PSF. ▶ Fig. 3 shows the
schematic procedure for calculating the intensity distribution.
Further intermediate steps are not explained here, but are pub-
lished in detail in [19]. It takes about half an hour on a powerful
desktop computer for the highly parallelized Mathematica algo-
rithm to perform a complete evaluation of an image stack with
230 axial frames.

The signal-to-noise ratio (SNR), which generally indicates the
ratio of the average signal power to the average noise power, is a
measure of the quality of the acquired signals. The higher the
value, the better the quality. Here, the SNR is the difference be-
tween the mean amplitudes of the signal and the noise divided
by the variance of the noise [19].

Results
The cross-sectional images presented in ▶ Fig. 4 show the ob-
served light distributions of the investigated MIOL with the light
sheet method (▶ Fig. 4a) and the optical bench with application
of the new image processing algorithm (▶ Fig. 4b) at a pupil di-
ameter (dIOL) of approximately 5mm. The cross-sectional images
are presented in linearly scaled intensities. The comparison of the
images in ▶ Fig. 4 shows that the ray trajectories are recognizable
with the light sheet method, but the individual foci are limited or
not distinguishable. Note the scaling of this detail magnification in
the µm range, which shows the limits of our light sheet setup, but
should not be considered a general limitation of this methodol-
ogy. In contrast, the new method (▶ Fig. 4b) allows the localiza-
tion of the focal points.

▶ Fig. 5 shows 4 cross-sectional images derived from optical
bench measurements for different pupil sizes in logarithmically
scaled intensities. In each cross-sectional image, the near focus is
at an axial position of approximately 0.4mm, the intermediate
focus is at approximately 0.9 mm, and the far focus is at approxi-
mately 1.5mm. Furthermore, in addition to the focal points just
mentioned, ray extensions with lower intensity are clearly visible
in both axial and lateral image directions. At the various focal
points, especially in the intermediate focus, halos appear in the
outer image areas, which only appear with the new algorithm,
with SNR improved by about 2 orders of magnitude. We have
published detailed studies on this subject [19]. On closer inspec-
tion, as pupil size increases, the focal points shift to smaller axial
position values.

To investigate the distribution of intensity along the optical
axis in detail, the through-focus curves were calculated as a func-
tion of d IOL pupil size. ▶ Fig. 6 shows the through-focus curves of
dIOL = 2.93mm in purple, dIOL = 3.91mm in turquoise, dIOL =
4.89mm in yellow, and dIOL = 5.87mm in orange. The near focus
is in the axial position range between 0.4 and 0.6mm, the inter-
mediate focus between 0.9 and 1.2mm and the far focus be-
tween 1.5 and 1.6mm. With increasing pupil size, the intensity
in the focal points increases. In each case, a clear increase in inten-
sity can be seen between approximately 3 and 4mm and 4 and
5mm pupil diameter. The highest intensity is at the far focus, fol-
lowed by the near focus and intermediate focus. In addition, as
can already be seen on closer inspection in ▶ Fig. 5, the position
of the near, intermediate, and far focus shifts to smaller values of
axial position with increasing pupil size. During the transition from
5 to 6mm, the maximum intensity of the foci hardly changes,
which suggests that for the most part the additional irradiated en-
ergy remains far from the optical axis.

Discussion
Based on the 3-D PSF measurements with an optical bench on a
diffractive trifocal IOL, our study presents a new image processing
algorithm that specifically exploits the rotational symmetry of

▶ Fig. 3 Schematic overview of the determination of intensity distributions using a dedicated image processing algorithm. Over a travel distance of
about 2mm, approximately 300 single images (2-D PSFs) are acquired along the optical axis using a CMOS camera (a). A ring integral mask with
circular rings of constant width subdivides the 2-D PSF image and determines the pixels lying in a circular ring (b,c). Subsequently, the intensities of
the pixels for each circular ring are summed up, normalized to the respective circular ring area, and the integral over the found 2-D Gaussian func-
tion is defined as the energy in the focus (d).
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IOLs. This approach significantly improves the image quality of
the corresponding cross-sectional images compared to previous
methods.

At this point, it should be emphasized once again that the gen-
eration of cross-sectional images using the light sheet method is a
well-established method for visualizing IOL focal areas, the appli-
cation of which meets the requirements in many cases. The semi-
nal works of the groups around Eppig [11], Terwee [20], and Son
[14,21] may be cited as examples. 3-D PSF measurements with an
optical bench require a considerably higher experimental, tempo-
ral as well as computational effort. Both experimental ap-
proaches, the light sheet method and methods with optical
benches, represent the “state of the art” for the determination
of optical IOL properties. Each method has its limitations, in the
case of the fluorescein bath approach by the dependence of the
image quality on the required light sheet thickness and in the case
of the optical bench by the width of the extracted volume from
the 3-D PSF. Both lead to a reduction in the image quality of the
cross-sectional images and ultimately to limitations in quantita-
tive analysis.

The higher optical resolution of the optical bench method
compared to the light sheet method was demonstrated with
▶ Fig. 4. This higher resolution is clearly supported with the better

SNR values [19]. In this way, fine structures such as halos, which
the light sheet method cannot visualize, can be resolved (cf.
▶ Fig. 5). Specifically, in the IOL example shown, we observe an
overlap between the intermediate and far focus for pupil diame-

▶ Fig. 4 Comparison of cross-sectional images of the IOL under
investigation taken using (a) fluorescein bath and (b) optical bench
(pupil diameter dIOL ≈ 5.00mm) in a linear intensity scaling.
a Shows the light distribution in a fluorescein bath illuminated by a
laser taken with a laterally placed camera. The individual focal
points cannot be delineated. b Shows the light distribution of the
same IOL calculated from the 3-dimensional optical bench mea-
surements illuminated by a green LED. Here, all focus points are
clearly distinguished from each other.

▶ Fig. 5 The cross-sectional images for different pupil diameters
(dIOL) of a trifocal IOL in logarithmic representation using a green
LED. The images were taken with a monochrome camera and col-
ored green. The near focus is at an axial position of ≈ 0.4mm, the
intermediate focus is at ≈ 0,9mm, and the far focus is at ≈ 1,5mm.
Off the optical axis, clear halos appear.

▶ Fig. 6 The through-focus curves of the IOL used for 4 different
pupil diameters (dIOL) using the green LED. The distribution of the
intensity along the optical axis is shown as a function of the axial
position in mm.
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ters at ≈ 3.0mm in the cross-sectional images of the newmethod.
Consistently, Vega et al [9] reported that smaller pupil apertures
increase the extension of the focal point along the optical axis,
which consequently can lead to overlap between different focal
regions of MIOLs. The cross-sectional images further show a shift
of the focal points along the optical axis to smaller values of the
axial position with increasing pupil size, indicating a positive
spherical aberration of the cornea and IOL system. This relation-
ship is also reflected in the through-focus curves in that foci shift
to smaller values of axial position as pupil size increases. This
property is not derivable from individual 2-D PSFs and is also diffi-
cult to reproduce based on through-focus curves generated with
fluorescein cross-sectional images [11]. In the same way, chro-
matic aberrations could be visualized by taking images at differ-
ent wavelengths and comparing them. For example, Millán and
colleagues studied the effect of focus shift and intensity distribu-
tion for 3 different MIOLs in terms of wavelength dependence, as
the influence of chromatic aberration could have a negative im-
pact on visual perception in the human eye [10]. The 3D PSF can
be used to determine not only the influence of chromatic aberra-
tion, but also the effects of spherical aberration (SA). Thereby,
considering the off-axis rays, focal point shifts towards the lens
speak for a positive SA and focal point shifts away from the lens
speak for a negative SA [22]. For large pupil diameters, the SA of
3-D PSF becomes increasingly evident [23].

In general, the light sheet method also makes it possible to in-
fer chromatic properties [11], but since fluorescein cannot be ex-
cited with red light, another dye or a scattering medium would
have to be used in the case of red light. In addition, measure-
ments on optical benches can provide accurate information about
decentering and tilt of the IOL and its intensity distribution as a
function of pupil diameter, as shown by Borkenstein and col-
leagues [24]. Both the light sheet method and the optical bench
measurement methods present the scientific standard for the de-
termination of cross-sectional images in this research area, how-
ever, there may always be a reduction in the image quality of the
cross-sectional images; in the case of the fluorescein bath this is
due to the dependence of the light sheet thickness, and in the
case of the optical bench this is due to the width of the extracted
volume from the 3-D PSF.

The light sheet method is clearly advantageous because it is
easy to implement and the results can be obtained quickly with-
out any computational effort. This has been clearly shown in nu-
merous publications. Against this is the immense influence of
the light sheet thickness, which is, however, also a substantial lim-
itation in our setup. In addition, the optical resolution would need
to be significantly improved in our setup. In addition, fluorescence
is based on the absorption of light by the fluorescein molecules,
which implies that the intensity of the light distribution decreases
along the optical axis. Thus, the axial energy distribution cannot
be precisely quantified. In addition, impurities can lead to image
artifacts that complicate or even prevent automated evaluations
or distort the inferred results.

The new image processing algorithm was developed for rota-
tionally symmetric IOLs, such as monofocal IOLs and also most
multifocal diffractive IOLs. In addition to these IOLs, other MIOL
design approaches exist based, for example, on combining differ-

ent refractive elements [25]. Due to their consequently asymmet-
ric 3-D PSF, the application of the new algorithm results in inaccu-
rate beam profiles, which may lead to misinterpretation and erro-
neous conclusions about the IOLs under investigation. However,
rotationally symmetric refractive MIOLs do not pose a problem
with this method. A further disadvantage of the new algorithm is
the long calculation time of approx. 30–40min. However, porting
the algorithm to a higher-performance programming language or
consequent further parallelization on a graphics card could re-
duce this high computation time. In addition to this aspect, future
research should extend the newly developed method to include
the determination of other important optical parameters of IOLs,
such as energy efficiency, modulation transfer function, or longi-
tudinal chromatic aberration.

Abstract
Cross-sectional images and through-focus curves are used to
understand IOL functional principles as well as halo formation
and can also be used to analyze the performance of IOLs. The pre-
sented combination of an optical bench and the newly developed
algorithm of 3-D data sets enables precise calculation of cross-
sectional images of rotationally symmetric IOLs. In terms of image
quality and signal-to-noise ratio, our investigations of the newly
developed method show higher quality results compared to our
investigations of the light sheet method. Intensities in the periph-
ery of the optical axis, e.g. halos, are now detectable with higher
contrast in the cross-sectional images with logarithmic intensity
scaling and therefore easier to identify compared to other meth-
ods. The potential of the novel image processing algorithm in
combination with a suitable optical bench allows both quantita-
tive and qualitative analysis of rotationally symmetric IOLs.
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Purpose: After cataract surgery, near-infrared (NIR) light–based optical devices are
commonly used for in vivo vision quality assessment, using wavefront sensors and
double-pass techniques. This study investigates the diffraction efficiencies and orders
of the AT LISA tri 839MP (Carl Zeiss Meditec AG, Berlin, Germany) under visible and NIR
illumination, highlighting challenges in using NIR-based devices to evaluate diffractive
intraocular lenses (IOLs).

Methods: This study uses an optical bench system to generate in vitro through focus
intensity data and compares the results to an optics simulation using the manufac-
turer’s theoretically designed diffractive surface topography of the investigated trifocal
IOL instead of possibly error-prone measured topography data.

Results: For visible light, through-focus curve intensities and energy efficiencies
behaved as expected. However, under NIR light, near and intermediate foci showed
significantly reduced intensities compared to the far focus. Energy efficiency measure-
ments indicate suboptimal performance of the near and intermediate foci with
NIR light. Under these conditions, the investigated trifocal IOL became almost
monofocal.

Conclusions: The study demonstrates the wavelength-dependent behavior of the
diffractive IOL, emphasizing the risks of inaccurate assessments when using NIR-based
devices. It highlights the need for visible-light-based techniques for accurate evaluation
and the importance of using precise surface topography data in simulations.

Translational Relevance: This research bridges the gap between basic research and
clinical care by showing that vision assessments performed with NIR-light inaccurately
evaluate diffractive IOLs, guiding clinicians toward visible-light techniques for accurate
vision assessment.

Introduction

The implantation of multifocal intraocular lenses
(MIOLs) during cataract surgery or presbyopic lens
exchange is a commonly used approach to offer
patients spectacle independence. The development of
advanced lens designs is very complex, involving a wide
range of boundary conditions. Within the group of
MIOLs, diffractive multifocal IOLs (DMIOLs) use a

more intricate approach than refractive MIOLs. They
usually consist of a refractive base shape, serving for
the far focus, with a topographical diffractive ring
pattern applied on the lens surface that creates the
additional focal points, as defined by their specific add
power. In summary, theseDMIOLs achieve theirmulti-
focality based on refraction and interference effects.1,2
Because the human eye has its greatest sensitivity
around 550 nm, as shown by the CIE photopic
luminous efficiency function V (λ),3 DMIOLs are
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generally designed for green wavelengths. This design
wavelength is set at 546 nm ±10 nm in accordance with
the ISO standard 11979-2:2024.4

For the objective analysis of the imaging proper-
ties of IOLs, optical benches, wavefront aberrometers,
and double-pass systems are used. In that context,
optical bench systems analyze the Airy disk, modula-
tion transfer function (MTF), and the point spread
function (PSF) of IOLs. The Airy disk is a character-
istic diffraction-limited pattern of light that defines the
smallest possible size to which a point light source can
be imaged. The PSF describes how an imaging system
would depict an ideal, punctiform object and is the
corresponding intensity plot of the Airy disk but also
accounts for additional aberrations in a non-diffraction
limited scenario, as with the investigated DMIOL. An
optical bench, as introduced in Sievers et al.,5 uses
green light, whereas others use white light (e.g., Petel-
czyc et al.6) or NIR light (e.g., Vega et al.7,8).

Ginis et al. developed a model eye equipped with a
camera acting as the retina, where the lenses in front
of the model eye enable the automated recording of a
defocus curve with a series of optotypes to examine the
lenses’ performance requirements in visual tasks such
as reading in different distances—among others for the
IOL investigated here.9

However, when assessing the visual outcomes and
imaging properties of implanted DMIOLs in a clinical
context, wavefront aberrometers10–21 and double-pass–
based systems22–28 have been used by several authors.
These devices generally use light in the NIR spectral
band (780–1000 nm) to determine the postoperative
visual outcome and the patient’s pseudophakia. The
use of NIR light for in vivo assessment of vision
quality has some important advantages and is based
on the increasing reflectivity of the retina with increas-
ing wavelength.29 Furthermore, glare decreases, and
the maximum permissible exposure increases,30 are
especially important for double-pass systems.

A Clarivate “Web of Science” search was used to
obtain an estimated number of publications analyz-
ing DMIOLs with devices using NIR light. This search
was conducted for several commercial NIR light-using
devices, which are composed in a Table (see Supple-
mentary Table S1), yielding 12 results for wavefront
aberrometers and seven for double-pass systems. For
example, the search with the search parameters “iTrace
AND diffractive IOL” yielded six results. However, we
do not claim the reference list to be complete. A total
of 396 citations related toDMIOLs andNIR light were
found.

Nevertheless, DMIOLs are not optimized for NIR
light, consequently leading to different visual outcomes
when analyzed under these conditions. This specifi-

cally means that the results of wavefront refractive
values like sphere and cylinder (lower-order aberra-
tions), but also coma, spherical aberration and trefoil
(higher-order aberrations) may be erroneous. Several
recent studies are overlooking the risks of wrong
assumptions when analyzing DMIOLs with NIR light,
even though previous studies by Charman et al.,31
Campbell,32 and Vega et al.7,8 have already shown that
optical performance testing of this type of lenses is
problematic.

Charman et al.31 emphasize that wavefront
aberrometers give erroneous results when analyzing
pseudophakic eyes with diffractive IOLs. Gatinel33
points out that the analysis of diffractive IOLs
with double-pass systems such as the OQAS using
wavelengths of 780 nm leads to an altered light distri-
bution in the foci of the DMIOL. Thus most of the
light energy is directed into the zeroth diffractive
order, while much less energy ends up in the first
or higher orders (i.e., in the near or intermediate
focus), which are essential for the multifocality of
the lens. Furthermore, Vega et al.8 recently showed
that the distribution of light energy to the focal
points of a DMIOL is strongly wavelength depen-
dent and that measurements with NIR light, instead
of the design wavelength, lead to different optical
performances.

Previous theoretical works about additive power
and diffraction efficiency have two important impli-
cations. First, longer wavelengths like NIR light

Figure 1. Comparison of two experimentally measured diffractive
surface profiles of the AT LISA tri 839MP. Frey et al.37 used a confo-
cal microscope (MarSurf CWM 100) for the topography analysis,
whereas Loicq et al.38 used an optical profilometer (Bruker Contour
GTI). Both published diffractive profiles served as a basis for further
optics simulations of the investigated IOL raising the question
which of the profiles is most accurate. The profiles were extracted
using g3data (https://github.com/pn2200/g3data, an open-source
program available under the GNU General Public License).
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increase the additive power of the near and inter-
mediate focus since diffractive power is proportion-
ally dependent on wavelength.34 Second, the wavefront
intensity will be weaker for the near focus with
respect to the far focus because diffractive efficiency
decreases with longer wavelengths and more light
is directed into the zeroth diffractive order.35 As a
result, the postoperative vision quality assessment of
pseudophakic eyes with DMIOLs is in considerable
doubt.

Recent studies derived simulation data from exper-
imentally obtained surface topography data—for
monofocal IOLs36 and DMIOLs.8 However, in the
case of DMIOLs, discrepancies in the accuracy of
these surface profiles suggest limitations in such
approaches as shown in Figure 1. This study seeks to
address this gap by demonstrating the wavelength and
pupil size–dependent effects on through-focus curves
and diffraction efficiencies of the AT LISA tri 839MP.
Unlike previous research that relied on experimentally
derived topography data,37–39 we used the manufac-
turer’s theoretically designed surface topography to
achieve a more accurate optical simulation. Our results
complement previous findings and further underline
the need for future visible-light techniques to evaluate
DMIOLs.

Methods

The experimental setup is composed of an optical
bench incorporating the IOL under examination in a
model eye with water immersion. The optical bench
(see Fig. 2) was already published in detail by Sievers
et al.5 and is briefly explained in the following. In
contrast to Sievers et al.5, where only a green LED
(λc = 530 nm, λFWHM = 47 nm) was used, the optical
benchwas equippedwith three additional LEDs: a blue
LED (λc = 463 nm, λFWHM = 23 nm), a red LED
(λc = 628 nm, λFWHM = 15 nm) and a NIR LED (λc
= 789 nm, λFWHM = 32 nm). The LED spectra were
measured with a fiber optic spectrometer (AVASPEC-
ULS4096CL-EVO; Avantes, Apeldoorn, The Nether-
lands).

The monochromatic LED light passes a pinhole
(15 μm; Thorlabs, Newton, NJ, USA) and is collimated
by an achromatic lens (f = 150 mm; AC254-150-A1,
Thorlabs, Newton, New Jersey, USA). The diameter
of the collimated beam is adjustable by an aperture
(SM1D12C; Thorlabs). For the sake of simplicity, the
model eye of the VirtIOL was used in our measure-
ments.40 The model eye consists of a model cornea,
an off-the-shelf achromatic lens with an effective focal

Figure 2. Schematic optical bench setup for the acquisition of three-dimensional focal light distributions. A blue (1), red (2), green (3), and
NIR (4) LED were integrated into the setup. The associated spectral bands are shown at the bottom left, specified by central wavelength λc

and FWHM (full-width half-maximum). The IOL is immersed in water within a model eye with an artificial cornea. The illuminated diameter
on the IOL is adjustedwith the aperture. A camera-basedmicroscope is translated along the optical axis. The optical layout of the simulation
environment is shown at the bottom right. The red IOL surface indicates a true topographical surface modeling of the diffractive IOL.
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length of 40 mm and neutral spherical aberration, an
IOL holder with the IOL under testing in water immer-
sion, and a window at the back. Because the achro-
matic lens is in contact with water at one surface, it is
no longer achromatic and free of spherical aberration
and, hence, does not comply with ANSI Z80.35:2018
and ISO 11979-2:20244 specifications for a model eye,
which should come as close as possible to the spher-
ical and chromatic aberration of the eye. However,
this study does not address the effects of polychro-
matic light on diffractive lenses but rather the effects
of monochromatic light on diffraction efficiency and
thus on the diffraction orders. The exact amount of
chromatic aberration of each focus is irrelevant to the
conclusions drawn in this article.

A diffractive trifocal IOL (ATLISA tri 839MP; Carl
Zeiss Meditec AG, Berlin, Germany) with an optical
base power of 25.00 dpt, an add power of 3.33D for the
near and 1.66 D for the intermediate focus was inves-
tigated. The illuminated area on the model cornea is
adjusted using the iris diaphragm (aperture) positioned
in front of the model eye. The illuminated IOL diame-
ter dIOL was determined for a set of diameters dA of
the iris diaphragm using Ansys Zemax OpticStudio
(ANSYS Inc. Headquarters, Canonsburg, PA, USA).
An almost linear relationship exists between the two
diameters. Table 1 presents the various pupil diameters
that were set during the measurement series.

Table 1. Relation Between the Aperture dA and the
Illuminated IOL Diameter dIOL

dA in mm 2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0
dIOL in mm 2.12 2.54 2.96 3.38 3.80 4.22 4.65 5.07

A CMOS-camera-based microscope (microscope
objective IC10 MD-Plan, NA = 0.25 [Olympus,
Shinjuku, Japan] and a 150 mm achromatic tube
lens) is automatically translated with an increment of
sI = 7.63 μm along the optical axis and records the
two-dimensional (2D)-light distribution in the form
of sequential images. The three-dimensional (3D)-light
distribution of the image stack corresponds to the
3D-PSF of the IOL. The CMOS camera used in
this study is a monochrome model (UI-3880CP-M-
GLRev.2; IDS ImagingDevelopment SystemsGmbH,
Obersulm, Germany). According to the EMVA test
report for this camera (IDS, UI-3880CP-M-GL R2,
4103099007, April 27, 2017), the linearity error in the
default setting is 0.26%; hence, no linearity correc-
tion was applied. The spectral quantum efficiency of
the sensor was not taken into account, as well as
the intensity of the respective LEDs. This is valid
because we only present normalized or relative data,
except for Figure 3. Accounting for spectral quantum
efficiency and optical power of the LEDs would only

Figure 3. Overview of through-focus curves. Through-focus curves for eight different pupil diameters using a diffractive trifocal IOL (AT
LISA tri 839MP; Zeiss Meditec AG) in the model eye at 530 nm illumination (green light, green lines) and at 789 nm Illumination (NIR light,
dark red lines). For both wavelengths, (A) shows the through-focus curves for 2.12 and 2.54 mm, (B) for 2.96 and 3.38 mm, (C) for 3.80 and
4.22 mm, and (D) for 4.65 and 5.07 mm pupil diameters. With increasing pupil size, the intensity increases. For 2.12 mm pupil size, the IOL
shows a bifocal character for green and NIR light. See text for further explanation.
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lead to a scaling, but not to a deformation of the
through-focus curves. In Figure 3, we present absolute
values to keep the information of the pupil size depen-
dent intensity change. However, conclusion on the
spectral transmittance of the IOLmust not be deduced.

Through-Focus Curve and Energy Efficiency
Calculation

The captured 3D-PSF was analyzed based on
a proprietary algorithm introduced by Sievers
et al.5, written inMathematica 12.0 (WolframResearch
Europe Ltd, The Wolfram Centre, Long Hanborough,
UK), to determine the through-focus curves, as well as
the radial intensity distribution of rotational symmet-
ric IOLs. We used different exposure times for the
different pupil sizes and divided the intensity by the
respective exposure time. This way, all curves were
normalized to 1 ms and the required dynamic range
of the camera for appropriately imaging in-focus and
out-of-focus PSFs was reduced.

Through-focus curves show the intensity change
along the optical axis. The optical axis is in the center
of the images captured by the optical bench. The inten-
sity value of each image is calculated by averaging over
an area of 11 × 11 central pixels. This area was chosen
to maximize the signal-to-noise ratio while maintain-
ing the shape of the through-focus curve. Care was
taken to ensure that the size of the square was small
enough to avoid artifacts in the through-focus curve.
Large averaging areas would smoothen the curves. The
square shape was chosen over the more appropriate
disc shape for easier implementation.

According to simulations, theAiry disk has a diame-
ter of 73 μm and 60 μm for 3.5 mm and 4.5 mm
aperture, respectively. This is equivalent to about 30
pixels and 25 pixels. Table 2 shows the detailed values.
For a pixel size of 2.4 μm the angular size of 11 × 11
pixels corresponds to a full angle of approx. 0.5 arcmin
in front of the model eye, which is half of the minimum
angle of resolution. The ratio of Airy disc diameter to
pinhole diameter on the camera is in the order of 3 for
the apertures shown here, and thus considered as point
light source.

Table 2. Relation Between Pinhole, Aperture, and
Simulated Airy Disk

Aperture
(mm)

Pinhole on
Camera (μm)

Airy Disk on
Camera (μm)

3,5 19.2 73
4,5 18.5 60

All specified values are diameters.

Before defining the fixed 11 × 11 pixel square,
the entire image stack undergoes a preprocessing
step to ensure the best possible alignment with
the optical axis. A detailed description of the pre-
and post-processing pipeline including background
noise correction and centroiding is published in
Sievers et al.5

Here, for each image another background imagewas
recorded with the same imaging parameter, but with
the beam blocked between the pinhole and the colli-
mating lens. These background images were subtracted
from the PSF images. Hence, dark current and ambient
stray light were neglected.

The algorithm for determining the radial intensity
distribution is based on the rotational symmetric design
of IOLs, in which 3D-PSFs are rotational symmetric as
well. A lateral cross-section of the 3D-PSF can conse-
quently be transferred from a 2D to a one-dimensional
(1D) light distribution, which is the radial light distri-
bution.

Within this work, we use two efficiency terms that
seem to be similar. The scalar diffraction efficiency,
as common in scalar diffraction theory, treats light as
a scalar wave and is described, e.g., in the theoreti-
cal work of Faklis and Morris.35 Here, it is specified
in arbitrary units and essentially corresponds to the
through-focus intensity curve, representing the distri-
bution of on axis energy. In contrast, energy efficiency
η refers to the ratio of intensity within a specific
focal point to the total incident intensity as described
in Equation 1. Hence, contrary to the first term, the
latter term also gives information on the amount of
light being in the halo pattern. The energy efficiency
η is theoretically defined as the ratio of light located
in the focal point If to the total value of incident
light IL. The total intensity of an image ITotal is
the value of IL plus the total value of noise of the
camera sensor INoise (defocused light is not consid-
ered as noise). This results in the following correlation
for the energy efficiency determined with the optical
bench:

η = If
IL + INoise

= IAiry

ITotal
(1)

Although the in-focus 2D-PSF is known as the Airy
disk and may be described by a Bessel function of
the first kind, the 2D-PSF of, for example, a trifo-
cal IOL or an out-of-focus image is not necessarily
a Bessel function of the first kind. Therefore we first
approximate the cross-section of the 2D-PSF by fitting
a 1D-Gaussian function to the first elements of the
radial intensity distribution. Next, we integrate the
fitted function over 2 π to account for the total inten-
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sity across the entire area, effectively simulating the
rotational symmetry of the 1D-Gaussian.

Optics Simulation

An optical simulation procedure was used to verify
the experimental results. It was conducted using Ansys
Zemax OpticStudio 2023 R2.00 in conjunction with
a user-defined surface model to accommodate true
diffractive surface topographies and enhanced mathe-
matical analysis methods to calculate the diffraction
efficiencies.34

The simulation model comprises an in-silico repre-
sentation of the artificial model eye used in the labora-
tory experiments. It consists of the same model cornea
(achromatic doublet with an effective focal length of
40.0 mm), immersion medium (pure water), the IOL
model prescription (AT LISA tri 839MP), and a glass
(B270) exit window (see Fig. 2). All optical materials
are modeled using dispersion formulas (Schott) cover-
ing the entire polychromatic spectral range.

The simulation was conducted using the same
four polychromatic spectral bands as described in the
experimental setup. The spectral intensity distribution
of each spectral band was resampled into 12 weighted
wavelength data points used for polychromatic
simulation.

The system aperture is placed in front of the
artificial model and was set to diameters of 3.5 mm
and 4.5 mm (corresponds to dIOL = 2.96 mm and
dIOL = 3.80 mm on the IOL surface) to mimic
the effect of photopic and scotopic pupils on the
imaging properties of the IOL, respectively. A through-
focus diffraction efficiency analysis was conducted by
variation of the detector distance with respect to
the exit window. In the simulation, an absolute x-
axis is defined, where 0 mm is at the back of the
window of the model eye. The measurement data only
has a relative x-axis. In order to present both data
side by side, the relative x-axis was shifted so that
the far focus overlaps in green at dIOL = 2.96 mm
(Fig. 4).

Figure 4. Focal wavelength dependency. Overview of through-focus curves using a diffractive trifocal IOL (AT LISA tri 839MP; ZeissMeditec
AG) and two different pupil diameters: (A) 2.96 mm and (B) 3.80 mm. All curves were normalized. For the sake of clarity, the through-focus
curves of the simulation were shifted by +2 a.u. (top). For a better agreement with the measurement data (bottom), the simulation curves
were convolved with a Gaussian filter width of 84 μm (for A) and 50 μm (for B) and shifted by+1.0 a.u. (middle). The bottom axis is presented
in mm. A secondary axis in the top is presented in diopters (dpt). The position of 0 dpt was defined by the theoretical far focus position at
546 nmwavelength.
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Results

The through-focus curves for the investigated IOL
under green light (shown in green) and NIR light
(shown in dark red) for various pupil sizes ranging from
2.12 mm to 5.07 mm are shown in Figure 3. In each
diagram, two pupil sizes are compared (dashed lines
represent the smaller and solid lines the larger dIOL).
Using green light, the through-focus intensity for dIOL
≈ 2.1 mm (top left diagram, dashed green line) reveals
two axially extended intensity distributions. Hence, the
IOL appears to be bifocal with EDOF characteristics
(see Fig. 3A and Supplementary Table S2). By increas-
ing dIOL to about 2.5 mm (solid line), the through-focus
curve already shows trifocal behavior.UnderNIR light,
both through-focus curves are strongly smeared out,
resulting in an undefinedmixture of bifocal and EDOF
IOL. On the top right, in Figure 3B, three distinct
foci of similar intensity are visible at both wavelengths.
Increasing dIOL further, as depicted in Figures 3C
and 3D, the near and far foci shift to greater axial
positions. In contrast, the intermediate foci are almost
pupil size-independent (cf. Fig. 3 and Supplementary
Table S2).

With increasing pupil size, the greatest shift in
axial position is exhibited by the far focus under NIR
light illumination (� = 0.18 mm), followed by the
far focus under green light (� = 0.12 mm) illumina-
tion. Looking at the distance D between the near and
far focus (DNEAR-FAR), there is no remarkable change
for green light over the pupil size (DNEAR-FAR ≈ 1.10
mm), whereas under NIR light an increase of �

DNEAR-FAR = 0.12mm could be seen between dIOL ≈
2.9 mm (DNEAR-FAR ≈ 1.52 mm) and dIOL ≈ 5.9 mm
(DNEAR-FAR ≈ 1.64 mm). This implies that the pupil
size dependence for green light is rather small but
greater for NIR light. Switching from green to NIR
light, the distance between near and far focus increases
fromDNEAR-FAR ≈ 1.10 mm toDNEAR-FAR ≈ 1.64 mm.
At the same time, the near focus shifts to smaller axial
positions for NIR light compared to green light.

Briefly, with increasing pupil size, near and far
foci shift to greater axial positions - except for 2.12
mm pupil size, where the IOL shows an overlap of
a smeared near and intermediate focus leading to a
bifocal character for green and NIR light, which then
turns into a trifocal character with a shift of the near
focus to smaller axial positions.

The optics simulation could confirm the results
obtained for green and NIR light. Figure 4 compares
these simulation results with the experimental data.
The top row shows the simulation data, whereas the
bottom row presents themeasurement data. Results for

the smaller pupil size (3.5 mm ≈ dIOL of 2.96 mm) are
shown on the left, and for the larger one (4.5mm≈ dIOL
of 3.80 mm) on the right. Note that in this repre-
sentation, all curves are intensity normalized. Since
the optical simulation could not yet provide complete
agreement with the measurement data and the micro-
scope’s depth of field also has to be taken into account,
the simulation curves shown here were convolved with
a Gaussian filter width of 84 μm (Fig. 4A) and 50
μm (Fig. 4B) to account for the respective depth-of-
fields due to the effective numerical apertures (NA).
The objective lens and its nominal NA do not primar-
ily determine the depth of field, but rather the light
cone emerging from the model eye. This cone effec-
tively reduces the used NA of the objective, because
the back aperture is not fully illuminated. Conse-
quently, the objective’s full NA is not exploited because
of the narrower illumination cone from the model
eye.

The measurement data and the convolved simula-
tion are in quite good agreement, considering, for
example, the small number of averaged pixels. With
larger pupil sizes, the IOL is trifocal for all tested
wavelengths. Here, with increasing wavelength, the
distance between the near and far focus (DNEAR-FAR)
grows, too, resulting in greater axial shifts to smaller
positions for the near and greater positions for the far
focus.

However, the intensities of near (Inear), intermedi-
ate (Iint), and far focus (Ifar), as their intensity ratios,
change with wavelength. In contrast to visible light, the
intensity ratio of the near or intermediate focus to the
far focus decreases for NIR light. The intensity ratio of
the peaks decreases with increasing wavelengths since
more light falls into the far focus (see Fig. 3). The
simulation data shows that with increasing wavelength,
the intensity of the near and intermediate focus
decreases relative to the far focus. Supplementary Table
S3 shows the intensity ratios of the near to far focus
(Inear/Ifar) and intermediate to far focus (Iint/Ifar) for
all four wavelengths, comparing simulated data (S)
and measurement data (M). There is a decreasing
tendency in the intensity ratio values for near and
intermediate focus with increasing wavelength, i.e.,
the far focus is more dominant than the other foci.
This tendency is also depicted in Figure 5. From
blue to NIR light, the ratio falls to approximately
one-quarter.

This behavior is even more striking when looking at
energy efficiencies. As defined above, energy efficiency
measures the amount of light contributing to the
individual foci. Figure 6 presents a comparable
overview of each focus’s pupil size-dependent energy
efficiency η using green (left) and NIR light (right) to
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Figure5. Wavelengthdependenceof intensity ratios. Thefigure shows the intensity ratios for thenear and far focus (Inear/Ifar) as for the inter-
mediate and far focus (Iint/Ifar) for all four wavelengths, comparing simulated data (top: Sim., dashed lines) and measurement data (bottom:
Meas., solid lines). A decreasing tendency in the intensity ratio values for near and intermediate focus is found with increasing wavelength.

Figure 6. Calculated energy efficiencies frommeasurement data. Overview of the pupil size-dependent energy efficiencies of a diffractive
trifocal IOL (AT LISA tri 839MP; Zeiss Meditec AG) for the near (yellow circle), intermediate (light blue square), and far focus (purple diamond).
Left: 530 nm illumination (green light). Right: 789 nm illumination (NIR light). Using NIR light, much more energy is diffracted into the far
focus and less light into the near and intermediate focus compared to green light, resulting in amonofocal behavior of the trifocal IOL under
NIR light.

highlight the difference between design wavelength and
NIR-based analysis. For both wavelengths, the energy
efficiency of each focus decreases with increasing pupil
size because of a loss of light in halos and higher-order
aberrations.

Although the far focus efficiency for green light and
small pupil sizes is almost twice as high compared to
the other foci, it approaches the other foci’s energy
efficiencies at large pupil sizes. However, using NIR
light, the far focus is more than four times as efficient

Downloaded from tvst.arvojournals.org on 10/17/2025



Diffractive IOLs and NIR light TVST | June 2025 | Vol. 14 | No. 6 | Article 36 | 9

as the other foci and remains at approximately four
times higher efficiencies for larger pupil sizes. While
comparing both wavelengths, the near and intermedi-
ate foci energy efficiencies decrease from about 25%
(near) and 18% (intermediate) for green light to about
14% (near) and 9% (intermediate) for NIR light at 4.5
pupil diameter. Thesemeasurement findings are consis-
tent with our simulation findings. Hence, in using NIR
light, much more energy is diffracted into the far focus
and less into the near and intermediate focus compared
to green light. This implies that although this specific
diffractive IOL is trifocal for visible light, it becomes
almost monofocal for NIR light.

Discussion

Regardless of the numerous publications address-
ing the challenge of evaluating the optical performance
of DMIOLs under NIR light, a significant amount
of recent research (see Supplementary Table S1) still
neglects the findings presented in these studies. To get
a subjective impression of the imaging properties of
a DMIOL before implantation, optical see-through
devices like, for example, the VirtIOL (10Lens S. L.
U., Terrassa, Spain), which imprint the optical proper-
ties of the IOL onto the patient’s retina, were devel-
oped and can be used for in vivo studies. Newer systems
used for IOL vision simulation are, for example, the
ACMIT IOL simulator (Austrian Center for Medical
Innovation and Technology, Vienna, Austria)41 and
the RALV system (Real Artificial Lens Vision, FirstQ,
Mannheim, Germany). Other systems like the VAO
simulator (VOPTICA, Murcia, Spain) or SimVis
Gekko (2EyesVision, Madrid, Spain) are based on
adaptive optics technology, which dynamically modify
optical wavefronts to simulate different optical correc-
tions, including IOLs, spectacles, and contact lenses.
Letter uses a tunable lens system to replicate differ-
ent lens designs without requiring physical lens replace-
ment.

However, to objectively assess the optical perfor-
mance of DMIOLs and confirm optical simulations,
in vitro studies are performed on optical benches.
These are either commercially available or specifically
designed optical benches. The general characteristics of
currently used benches are a collimated light beam, an
IOL installed in amodel eye, a camera for recording the
2D-PSF, and hardware for image data processing. To
ensure the comparability of optical IOL properties, the
updated ISO standard 11979-2:20244 was introduced
in 2024, which defines specific technical conditions for
experimental IOL analysis on optical benches.

A commercial optical bench is the OptiSpheric IOL
PRO2 (Trioptics GmbH, Wedel, Germany), which was
used, for example, by Borkenstein et al., for MTF
analysis of several IOL designs.42 Ravalico et al. were
among the first to use a specifically designed optical
bench to calculate energy efficiencies of IOLs from
2D-PSF images.43 Several authors currently use optical
benches forMTFor through-focus intensity analysis of
different IOLs.44–48

The ANSI Z80.35:2018 (Unpublished data, 2014)
and ISO 11979-2:20244 define specifications for a
model eye. Based on these specifications, a polychro-
matic analysis of the IOL is then carried out to generate
a polychromatic MTF, which in turn is used to predict
visual acuity.However, absolute longitudinal chromatic
aberrations, as they might be influenced by an inappro-
priate model cornea, are not relevant here as we do
not predict the polychromatic visual acuity. Generally,
a phase profile of the diffraction surface of the IOL is
sufficient to describe these influences discussed here.

Monofocal IOLs use the principle of refraction to
correct vision for a single distance. Refractive multifo-
cal IOLs incorporate different zones of varying optical
power to create multiple foci. For refractive IOLs, these
NIR-light-using systems presumably do not pose a
problem in determining optical properties since the
PSF and, thus the Airy disk of refractive lenses scale
with wavelength. Hence, this allows the optical proper-
ties at wavelengths in the NIR spectrum to be recal-
culated for green light, for which IOLs are gener-
ally designed. At great distances and using small-angle
approximation, the angle θ between non-diffracted
light and the first intensity minimum of the diffracted
light is given by:

θ ≈ 1.22
λ

d
(2)

Here, λ is the wavelength, and d is the aperture
diameter. This approach is valid for refractive lenses but
not DMIOLs. They usually consist of a refractive base
shape, serving for the far focus, with a topographical
diffractive ring pattern applied on the lens surface that
creates additional focal points. These additional foci are
based on constructive interference due to the specific
step heights of the ring pattern, inducing appropriate
phase shifts. Often, the step heights are calculated for
green light.

In this context, longitudinal chromatic aberration
(LCA) manifests in two different ways. First, in a
nonlinear wavelength dependence of the focal length
based on the refractive nature of the far focus,
and second, in the case of DMIOLs, in a linear
wavelength dependence of near and intermediate foci
due to the diffractive nature of these foci. Because
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near and intermediate focus are based on the nonlin-
early wavelength dependent refractive base power and
linearly wavelength dependent diffractive add power,
the total refractive power arises from the linearly and
nonlinearly wavelength dependent effects.

The pupil-dependent foci presumably shift due to
spherical aberration and the illumination of different
optical zones of the IOL. Wavelength-dependent shifts
of the far focus result from the lens material’s inher-
ent chromatic properties and the amount of chromatic
aberration induced by the model cornea. The same
holds true for the near and intermediate foci with an
additional axial shift due to the superposition with
the diffractive chromatic aberration of the respective
add powers. For the intermediate focus we observed
almost no pupil size dependent shift when compar-
ing both pupil sizes in Figure 4 or the shift over
eight pupil sizes in in Figure 3 and only a minimal
wavelength dependent shift of approximately 0.1 mm
in Figure 4. It seems that the intermediate focus shift
is only minimally influenced by the wavelength for the
measurement data since the diffractive proportion of
the LCA and the refractive proportion of the LCA
are apparently similar and cancel each other out. The
near focus experiences an axial shift to smaller values
because of the diffractive LCA of the respective add
powers.

The imaging performance of DMIOLs depends on
the wavelength in multiple ways. Fiala et al.34 and
Faklis et al.35 provide a detailed analytical descrip-
tion of the diffractive working principles. The key
concepts of these theoretical studies are explained in
the following. First, the add-power increases linearly
with wavelength. The zeroth diffraction order is used
for distance vision and is not affected by diffrac-
tive chromatic dispersion effects. This applies for
the investigated DMIOL with its far focus produced
by the refractive base lens and the zeroth orders
of the two diffractive profiles. The analysis demon-
strates that the add-power(s) of diffractive multifocal
lenses is linearly dependent on the ratio of λF/ λ0,
where λF is the analysis wavelength and λ0 the design
wavelength of the IOL. Any measurement of add
powers and associated defocus curves must consider
the wavelength-dependent scaling of the diffractive
add-power. Erroneous measurement may result if this
is done improperly. Because the near and intermedi-
ate focus of the investigated DMIOL are produced by
the 1st order of the 2nd diffraction profile and the first
order of the 1st diffraction profile,38 respectively. The
longer the wavelength, the greater the distance between
the additional and the far focus due to the add-power
dependent focus shift (see Figs. 3 and 4). Furthermore,
the wavelength-dependent focal shift scales with the

add power. This is observed by the stronger dependence
of the near focus compared to the intermediate focus.
However, the exact position of the single foci itself is
irrelevant here and may be influenced by the model
cornea.

A second important aspect is the wavelength depen-
dence of diffraction efficiency. It defines the proportion
of incoming light at a given wavelength is distributed
in a particular diffraction order and its associated add-
power. Measurement data and simulation of the used
DMIOL show that with increasing wavelength, more
light is distributed into the far focus (see Figs. 4 and
5). Multifocal IOL designs use at least two signif-
icantly effective diffraction orders to create bifocal
optics or three significantly effective diffraction orders
to create trifocal IOLs. Four or more diffraction orders
can be used to create quadrifocal or even higher-focal
optical designs. TheAcrySof IQPanOptix IOL (Alcon,
Geneva, Switzerland), for example, uses a quadrifo-
cal approach.49 The used diffraction orders for vision
are typically, but not necessarily, neighboring diffrac-
tion orders. As stated before, the design of DMIOLs is
generally conducted at a design wavelength λ0.

A metric for the performance analysis of DMIOLs
is the energy efficiency mentioned above, as it consid-
ers scattering, aberration, and out-of-focus images for
each focus. In 2023, Vega et al.8 analyzed the same
diffractive trifocal IOL among others, employing the so
called “light-in-the-bucket metric” to calculate energy
efficiencies. In contrast, our method uses a Gaussian
fitting function and additionally presents through-
focus curves. Notably, the relationship between energy
efficiencies ratios derived from experimental and
simulation data is consistent across both setups but the
magnitudes differ. Table 3 comprises the findings of
Vega et al.8 and our study on the AT LISA tri 839MP
and compares the measured and simulated energy
efficiencies of near, intermediate, and far focus, as well
as the ratios of the near-to-far and intermediate-to-
far focus energy efficiency. For instance, our approach
assigns more energy to the near focus than the far
focus compared to the measurements of Vega et
al.,8 likely because of the differing methods used
to determine energy efficiencies. Notably, the sum
of the foci’s energy efficiencies never reaches 100%
because of a loss of energy caused by halos, aberra-
tions, and light scattering. The definition of energy
efficiency is not standardized, and several approaches
exist to define it. The energy efficiency values vary
between our measurement and simulation. Although
the experimental values were determined by the above-
described Gaussian method, the simulated efficiency
is the squared total of the electric field amplitudes
in the respective image distance after calculating the
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Table 3. Energy Efficiencies of AT LISA tri 839 MP for Each Focus at IOL Pupil 4.5 Mm Compared Between Vega
et al.8 and Our Results

Near Focus Intermediate Focus Far Focus

Visible NIR Visible NIR Visible NIR

Measurement
Vega et al.8 0.27 0.16 0.18 0.08 0.47 0.75
Ratio 57% 21% 38% 10%
This paper 0.25 0.14 0.18 0.09 0.34 0.58
Ratio 73% 24% 52% 15%

Simulation
Vega et al.8 0.25 0.11 0.15 0.07 0.43 0.61
Ratio 58% 18% 34% 11%
This paper 0.15 0.1 0.11 0.07 0.21 0.52
Ratio 71% 19% 52% 14%

The ratios aredefinedasnear-to-far focus and intermediate-to-far focus energy efficiency for eachwavelength. Visible corre-
sponds to λc = 530 nm, NIR corresponds to λc = 780 nm.

diffraction integral according to Fiala et al.34 However,
because optical power or photometric quantities are
not included in the simulation, the absolute values are
arbitrarily scaled. Therefore we compare the experi-
mentally determined efficiency ratios of the different
foci with the simulated ones finding a good agreement.
Whereas Vega et al.8 used topographical data of the
IOL surface measured with confocal microscopy to
simulate the IOL performance8, we use the manufac-
turer’s genuinely designed diffractive surface topogra-
phies for the optics simulation and the formulas from
Fiala et al.34

Furthermore, our study reports different near focus
add powers compared to the findings in Vega et al.,8
who used the same wavelengths and pupil sizes in their
study. We observed 5.03 dpt for NIR light and 3.4 dpt
for green light, compared to 4.8 dpt and 3.3 dpt, respec-
tively. This discrepancy may be attributed to the differ-
ence in base power of the investigated trifocal IOL,
the deviation of the illuminated IOL diameter (conse-
quently variable illuminated optical zones) and differ-
ent diffractive surface profiles.

To estimate the wavelength-dependent focal
positions 546 nm, as defined by the ISO standard
11979-2:2024, we used a cubic function to fit the
axial focus positions to the wavelength. Especially
for small wavelength ranges, we found an almost
linear dependence. Exemplary for pupil of 4.5 mm
(dIOL = 3.80 mm), the far, near and intermediate foci
were shifted by 14 μm, −3 μm and −19 μm, respec-
tively. Our measurement data shows a broadening of
the near, intermediate, and far focus for each pupil
size with increasing wavelength. The simulation data

does not show that behavior. Further, the intermediate
focus, which shifts to smaller axial positions in the
simulation, shifts to greater positions in the experi-
ment (see Fig. 4). This may have different mutually
complementary reasons (e.g., decentration or impre-
cise determined distances of the model eye). Although
the far focus appears similar for all wavelengths at
the small pupil size, the far focus with blue light is
wider in the simulation compared to the experiment
with the larger pupil size. Nevertheless, the wavelength
dependence of the diffraction efficiency and diffractive
orders of the investigated DMIOL is observable for
both—simulation and measurement.

Our demonstration that a diffractive trifocal IOL
can become almost monofocal using NIR light
highlights the potential source of error and risk
when using such wavelengths as integrated in devices
designed to determine the vision quality. Hence,
caution is required to conclude visual assessment
obtained byNIR-basedmethods—the results of lower-
and higher-order aberrations are likely to be wrong.
Our findings agree with previously established theoreti-
cal works on diffractive power and diffraction efficiency
and show that the diffraction orders of a diffrac-
tive IOL are particularly shifted under NIR light.34,35
Therefore an optical performance assessment with
NIR light will lead to erroneous assumptions of
the DMIOLs near or intermediate-focus performance
and may lead to misleading recommendations for the
implantation of DMIOLs. Hence, visible light, prefer-
ably green light (around 520-570 nm), must be used.
Low-intensity levels within this spectrum are recom-
mended to minimizing glare and discomfort. However,
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the low retinal reflectance may be challenging for the
light detection.

To the best of our knowledge, measuring diffrac-
tive optics with wavefront sensors poses a general
challenge. This is because multiple wavefronts, includ-
ing those from higher diffraction orders, converge on
the microlenses of the wavefront sensor, generating
numerous points. Consequently, it becomes difficult to
unambiguously associate these points with the correct
focal point.

The key distinction of our study compared to previ-
ous research using experimentally obtained topography
data for their simulation is that we used the manufac-
turer’s theoretically designed surface topography data
of the AT LISA tri 839MP. This allowed us to achieve
the most accurate optical simulation data for this
commonly implanted DMIOL and to provide further
evidence of focal wavelength dependence by analyzing
four different wavelengths. Please note that the exact
change in energy efficiency depends on the exact lens
design. Hence, not all statements can be generalized
for every diffractive IOL. Keep in mind that diffrac-
tive IOLs may only be examined with visible light, for
which they were developed. In particular, postoperative
assessment of the quality of vision of DMIOLs under
NIR light must inevitably produce incorrect results. In
this case, conclusions on the in vivo imaging perfor-
mance of DMIOLs in publications that have already
been published cannot be considered reliable.
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