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ABSTRACT 33 

Purpose: To assess the effect of prior myopic ablations in the optical performance of a trifocal 34 

diffractive intraocular lens (IOL) and a novel extended depth of focus (EDoF) diffractive design.  35 

Methods: The novel XACT Mono-EDoF ME4 diffractive IOL with an extended depth of focus 36 

and the trifocal diffractive FineVision IOL were analysed standing alone and combined with a 37 

simulated myopic corneal ablation. The optical quality of the IOLs in both situations was 38 

evaluated with the PMTF optical bench. The through-focus modulation transfer function 39 

(MTF) curves and the MTF at three different focal points (+0.50, 0.0, -0.50 D) were recorded.  40 

Results: The through-focus MTF curves showed three differentiated peaks for the trifocal IOL 41 

and two overlapped peaks for the EDoF IOL. The presence of simulated myopic corneal 42 

ablations induce a -0.50 D shift on the overall through-focus curves and softens the multifocal 43 

properties of both lenses by decreasing the variations through focus of the MTF. For the 44 

analysis of the lenses standing alone, the highest MTF values were obtained for an object 45 

vergence of 0 D. For a simulated myopic corneal ablation, both IOLs showed better optical 46 

quality results at -0.50 D.  47 

Conclusion: The trifocal IOL provides better optical quality at far and near distances when 48 

analysed standing alone. The EDoF IOL optical properties are more stable when a myopic 49 

ablation is introduced. Preoperative calculations of both lenses should consider that prior 50 

myopic corneal ablations induce a -0.50 D shift on their far peak quality.  51 

 52 

53 
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INTRODUCTION 54 

Multifocal intraocular lenses (IOL) were developed to offer patients high optical quality 55 

at near distances after cataract surgery and thus providing spectacle independence. Initially, 56 

the great majority of multifocal IOLs were bifocal, that is, they provided a near and far foci 57 

with a gap in between for intermediate vision.1-4 To overcome this limitation, trifocal IOLs 58 

were designed to distribute incoming light to three foci5 improving intermediate vision and 59 

achieving higher spectacle independence.6,7   60 

At the same time, in the last few years, “extended depth of focus” (EDoF) designs of 61 

IOLs are becoming more popular among surgeons. The EDoF theoretical concept of these IOLs 62 

is based on achieving good vision at different distances by means of appropriate interactions 63 

of higher-order spherical aberration and diffractive patterns that elongates the focal zone.8-10 64 

As it is commonly described by EDoF IOLs manufacturers, this optical approach intends to 65 

increase the depth of field of patients while the visual disturbances induced by classical 66 

diffractive or refractive multifocal designs (such as halos and/or glare) are minimized.    67 

Still regarding spectacle independence, it should be taken into account that in the last 68 

two decades a massive amount of patients have undergone corneal refractive surgeries to 69 

eliminate myopia worldwide.11,12 Obviously, if these patients were looking for spectacle 70 

independence for far distance, they will also look for being spectacle independence in near 71 

tasks. It is important to note that myopic corneal refractive surgery induces an increase of 72 

positive SA compared to patients with virgin corneas.13-16 Then, given the mentioned global 73 

situation, it would be interesting to analyse how the current designs of IOLs perform with 74 

corneas with an increased amount of positive spherical aberration.  75 
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The current study assesses and compares the optical quality performance of a 76 

widespread implanted trifocal IOL and a novel EDoF IOL. At the same time, the optical 77 

performance of both IOLs with a simulated post-myopic LASIK cornea was analysed. 78 

METHODS 79 

Image quality metrics 80 

The modulation transfer function (MTF) is a measure of the attenuation of each spatial 81 

frequency when light passes through a given optical system. Therefore, it offers a 82 

characterization of the image degradation caused by the optical system. Diffraction due to the 83 

aperture size and optical low and high optical aberrations of the optical system decrease MTF 84 

values. As a general rule, the higher the spatial frequency the larger the drop in contrast 85 

caused by the optical system. In addition, MTF measurements based on eye models are 86 

currently an international standard method to analyse the image quality through an IOL (or 87 

other optical systems such as contact lenses) and several investigations have followed this 88 

methodology.17-22  89 

For the current work, the MTF was analysed for an aperture of 4.5mm. In order to 90 

assess the tolerance to defocus at the far distance focal point, data were recorded for three 91 

different focal points from the base power of the lens (+0.50 D, +0.0 D, -0.50 D). At the same 92 

time, to compare the MTF value of the IOLs we followed a previously described 93 

methodology22-24  where the value of each MTF was considered as the average modulation 94 

value, which is the modulation averaged across all frequencies within the 0.0-to-100.0 cycles-95 

per-millimetre range. The average modulation value is proportional to the area under the MTF 96 

curve between 0.0 cycles/mm and 120.0 cycles/mm.  97 

Finally, through-focus MTF curves comprising 11 different focal points (steps of 0.5D) 98 

were calculated for 4.5mm and for a discrete spatial frequency of 50 cycles per millimetre. 99 
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This spatial frequency could approximately correspond to an optotype for 0.5 Snellen-100 

equivalent VA in white light (30 cpd). The higher MTF value in the curve the better optical 101 

quality the lens has at this focal point.  102 

 103 

Optical quality analysis 104 

The image quality of the IOLs was performed with the PMTF optical bench (LAMBDA-105 

X, Belgium) with Software version: 1.13.6. The device complies with International Standard 106 

Organization (ISO) 11979-2 and 11979-9 requirements; that is, it comes with additional lenses 107 

for an aberration-free model cornea. It allows MTF measurements at various frequencies and 108 

at different focal planes (through-focus). The experimental setup was assessed according to 109 

previous investigations in which other IOLs were analyzed by the same optical bench.5,24,25 110 

Similarly, before each measurement, the optical device was calibrated to guarantee the 111 

precision of the MTF values.  112 

The optical quality assessment of a certain IOL is related to the ISO 11979-2, in which 113 

it is specified the use of a model eye including an aberration-free model cornea. At the same 114 

time, in order to simulate post-myopic LASIK procedures, the aberration-free model cornea 115 

was modified and an increment of +0.29 μm was introduced in the optical system. This 116 

positive increment of spherical aberration intends to simulate LASIK for low myopia.26 In 117 

addition, pupil size modifies the optical performance of multifocal lenses and their depth of 118 

focus, the smaller the pupil size, the larger the depth of focus. In the present study, we have 119 

used a 4.5 mm pupil to be a good compromise between habitual pupil sizes and an attempt 120 

to evaluate as much optical surface of the IOL as possible. 121 

 122 

Intraocular lens designs studied  123 
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The first lens to be assessed was the XACT Mono-EDoF ME4® (Santen Pharmaceutical, 124 

Japan). This is a hydrophobic lens with a C-loop platform that presents a biconvex design. The 125 

lens shows diffractive rings in the anterior surface and a posterior asphericity designed to 126 

induce a negative Zernike 4th order spherical aberration coefficient of -0.17 microns for a 6.0 127 

mm pupil. The anterior surface shows 4 diffractive rings inside the 3.0mm of the optical zone 128 

diffracting light mainly toward far and intermediate foci. This EDoF lens has an overall 129 

diameter of 12.5mm and an optical zone of 6.0mm. The lens is available from +10.0D to 130 

+30.0D in 0.5D increments. The base power of the EDoF lens evaluated in the current study 131 

was 18.5 D. At the same time, it incorporates a UV and blue-light blocker.27  132 

The other IOL analyzed was the FineVision IOL (PhysIOL; Liège, Belgium) in its 133 

hydrophilic version. This IOL has a trifocal design that has been properly described in previous 134 

investigations.5,28-30 In summary, for obtaining three foci the lens combines two bifocal 135 

diffractive patterns for far/near and far/intermediate vision, respectively. The IOL presents 136 

two addition powers: +1.75D for intermediate and +3.50D for near vision. Moreover, this lens 137 

shows an apodized design in which the step height decreases toward the periphery with 138 

increasing amount of light directed to distance vision. The lens has a biconvex-aspheric optics 139 

that generate -0.11 microns of negative spherical aberration for a 6.0 mm pupil. The diameter 140 

of the lens is 10.75 mm and the optic zone’s diameter is 6.15 mm. The optical power of the 141 

lens goes from +10.0 to +30.0D in steps of 0.50 D. As in the previous case, the base power of 142 

the trifocal lens was 18.5D. Finally, the FineVision IOL incorporates a UV and blue-light blocker.  143 

  144 
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RESULTS 145 

Figure 1 illustrates the through-focus MTF curves for the EDoF (1.A) and the trifocal 146 

IOL (1.B), respectively, both without and with the positive increment of spherical aberration 147 

that simulates corneas with prior myopic LASIK. For the analysis of the IOL itself, the curves 148 

(black line) show the mean peak values of optical quality of both lenses, showing that the EDoF 149 

lens has two peaks with significant overlap and the trifocal lens has three peaks with less 150 

overlap (far, intermediate and near).  151 

When the spherical aberration is introduced in the system (grey line of figure 1.A and 152 

1.B) both lenses showed changes with respect to the case without induced spherical 153 

aberration. In this case the EDoF lens showed a -0.50D negative shift of the through-focus 154 

curve (grey line of figure 1.A). For the case of the trifocal IOL, also a negative shift of -0.50D 155 

and a drop in the three peak values is showed (grey line of figure 1.B).  156 

In order to show the tolerance to defocus at the far distance focal point, figure 2 and 157 

figure 3 show the MTF curves of the EDoF and the trifocal IOL for the 0.00D, +0.50D and -0.50D 158 

focal points, respectively. At the same time, it is possible to see the results of both lenses in 159 

the two situations considered: without an increment of spherical aberration (left part of the 160 

figure - A) and with the increment of spherical aberration that simulates myopic LASIK 161 

ablations (right part of the figure - B). In each case, the figures show a dotted line that 162 

represent the far distance focus (0.0D) to better illustrate the optical quality of the lenses with 163 

a potential defocus of ±0.50D at far distance.   164 

 165 

 166 

 167 
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Finally, table 1 summarizes the average modulation values (which is proportional to 168 

the area under the MTF curve (the higher the area the better optical quality) between 0.0 169 

cycles/mm and 120.0 cycles/mm) at these three focal points for both IOLs and for the 170 

situations previously mentioned.  171 

 172 
 173 

174 
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DISCUSSION 175 

In the present study, we assessed and compared the optical performance of the Physiol 176 

trifocal IOL and the novel XACT Mono-EDoF ME4 IOL in two situations: with and without a 177 

positive increment of spherical aberration that simulates a prior low-moderate myopic LASIK 178 

ablation.   179 

Analizing the black line of figure 1A (analysis of the IOL itself), it is possible to observe 180 

that the EDoF IOL shows two peaks with significant overlap that elongate the far distance 181 

focus (0.0D vergence) to 1.5D of addition approximately. After the vergence of 1.5D, the 182 

optical quality of the EDoF lens decrease significantly which could be understood as an IOL 183 

with addition just for intermediate vision. This optical quality could be related to clinical 184 

outcomes that were observed in several studies with other EDoF IOLs.9,10,31,32 However, no 185 

clinical studies have been performed with the IOL in our study and results should not be 186 

compared directly.  187 

At the same time, the optical quality of the lens rapidly decreases toward positive 188 

vergences. Then, it could be suggested that a negative over-refraction after the surgery will 189 

be barely accepted for far distance. However, a slight negative over-refraction could improve 190 

somehow the near vision in patients with EDoF IOLs such the one analyzed in this study. Then, 191 

a combination of emmetropia in one eye and a slight myopia in the counterpart, previously 192 

called as mini-monovision, could offer higher addition ranges without a significant 193 

deterioration of distance vision under binocular conditions.33 194 

On the other hand, the grey line of figure 1 A, which simulates post-LASIK corneal 195 

profiles, shows an overall negative shift of -0.50D of whole trough-focus curve and the 196 

elongated distance focus performs 1D of addition. Nonetheless, the profile of through-focus 197 

curve in this case showed to be quite similar to the case of the IOL without increment of 198 
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spherical aberration (black line). Then, it could be suggested that the combination of 199 

aberrations (IOL + increased corneal spherical aberration) did not dramatically modified the 200 

optical performance at far and intermediate distance EDoF lens besides the slight increment 201 

of optical power and the consequent displacement of all distances of vision. Related to the 202 

myopic shift, there is a previous work in which the clinical outcomes of patients with 203 

presbyopia correcting IOLs after myopic LASIK were analyzed.34 In that study, the authors 204 

found that the manifest refraction of these patients after the surgery showed a spherical 205 

equivalent of -0.6 D. It means that the effective power of the IOLs was ≈0.5D more positive 206 

and this totally agree with the results of our study. In other words, in order to reach an 207 

effective emmetropia for these patients, the calculated power of the IOL should be less 208 

positive (-0.50D).  209 

  The through-focus curve of the trifocal IOL is showed in figure 1.B (bottom of the 210 

figure). As in the previous case, the black line of the figure corresponds to the optical 211 

performance of the IOL without the increment of positive spherical aberration. It reveals three 212 

peaks corresponding to far, intermediate and near focal points. These results have been 213 

reported in previous investigations that analysed the optical quality of this IOL.5,28-30,35 At the 214 

same time, several clinical studies that assessed the visual performance of this IOL 215 

demonstrated that these focal points correspond to three zones with improved visual 216 

quality.30,36  It should be mentioned that the trifocal IOL showed a significant better optical 217 

quality for the far distance focal point if compared to the EDoF IOL. However, the trifocal IOL 218 

decreases its optical quality rapidly out of the far foci while the EDoF IOL remains more stable. 219 

As it will be discussed below, it could be suggested that for achieving the best optical 220 

performance the IOL power calculation is more critical for trifocal IOLs. 221 
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As in the previous case, the grey line shows the through-focus curves of the IOL with 222 

the mentioned amount of spherical aberration. In this case, the curve of the trifocal IOL also 223 

showed an overall negative shift of -0.50D. These results follow the trend shown in the case 224 

of the EDoF IOL. Therefore, it should also be considered that post-myopic LASIK patients with 225 

this IOL could show a slight myopic refraction that should be compensated with less positive 226 

IOL power. 34 Finally, instead of the presence of the three peaks, which means that patients 227 

could achieve the aimed trifocality (far, intermediate, and near), the optical quality of the far 228 

distance peak is attenuated in comparison to a cornea without previous myopic ablation.  229 

Moreover, positive or negative over-refractions after cataract surgery have important 230 

clinical implications for surgeons because they can deteriorate the distance vision and/or 231 

modify the distance at which near activities have to be performed by patients. This situation 232 

has clinical implications even for monofocal IOLs, but it is crucial for multifocal lenses. Hence, 233 

in order to assess the impact of a small amount of residual refractive error on the optical 234 

behavior at far distance of these IOLs, we have analyzed its tolerance to defocus by means of 235 

analyzing the MTF curves at 0.0 D, +0.50 D and -0.50 D.  236 

For the case of the EDoF without increased spherical aberration (figure 2 A and table 237 

1), the MTF showed to be better for the far distance focus, being the +0.5D focus the one that 238 

showed the worst optical quality. Despite a certain tolerance to hyperopic and myopic shifts, 239 

surgeons should achieve emmetropia in patients with normal corneas to obtain the better 240 

performance in distance vision. The simulation of prior low myopic LASIK ablation (figure 2B 241 

and table 1) showed a significant change in these values and it is possible to see that the better 242 

optical quality in this case is achieved for -0.50D, then leading to a myopic residual refraction 243 

and to a worsening at far distance focus. These results agree with the results presented in the 244 

through-focus curves. Therefore, surgeons should compensate this situation in patients with 245 
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prior myopic ablations in order to achieve satisfactory far vision results. In addition, it should 246 

be mentioned that calculating IOL powers for patients with previous corneal ablations is 247 

challenging37 and this issue should be accurately addressed if emmetropia want to be 248 

achieved.  249 

Similarly, the trifocal IOL showed a significantly better MTF value for 0.0D focal point 250 

when a normal cornea is considered (figure 3A and table 1). Due to the steep change in the 251 

optical quality induced by  0.5D of defocus, surgeons should achieve emmetropia with high 252 

rates of accuracy for these patients in order to obtain satisfactory results in far vision. As 253 

previously explained, it seems that an accurate IOL power calculation is more important for 254 

trifocal than EDoF IOLs. On the other hand, the myopic LASIK ablation situation (figure 3B and 255 

table 1) showed a change in the order to the optical quality. In this case, better optical quality 256 

is achieved with -0.50D and it should be also taken into consideration at the moment of 257 

calculating the IOL power. However, it is interesting to note the differences regarding the 258 

tolerance to defocus between the situation of with and without increase of spherical 259 

aberration. The first difference is that the impact of a small residual refractive error on the 260 

optical quality was lower for the increased spherical aberration situation. The second one is 261 

that for the situation of corneas with a significant increase of positive spherical aberration, 262 

the IOL power calculation should target a less positive IOL power, whereas the target in the 263 

situation with a normal cornea should be emmetropia. 264 

It should be considered that all the measurements of the present study were made 265 

through centered positions of the IOLs and it may do not represent all possible real world 266 

scenarios. In future studies the scope of the study should be extended to account for 267 

misalignments between cornea and the actual placement of the IOL. 268 

In conclusion, the results of the present study show that the trifocal IOL provided three 269 
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clearly differentiated peaks of vision with a high optical quality for the far distance focal point.  270 

Meanwhile, the EDoF IOL showed two peaks with significant overlap that reached an 271 

acceptable optical quality from far distance to intermediate. When myopic LASIK ablations 272 

were simulated, the EDoF IOL showed to be more robust than the trifocal IOL. Finally, the 273 

negative shift in the optical performance of both IOLs suggest that IOL calculations for patients 274 

with previous myopic ablations should consider less positive IOL powers in order to reach an 275 

effective emmetropia.   276 

  277 
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