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Abstract

:

(1) Background: This study compares the effective lens position (ELP) and intraocular lens power (IOLP) derived from SRK/T, Hoffer Q, Holladay I, and Haigis formulas with the actual lens position (ALP) and the implanted IOLP after cataract surgery. Additionally, it aims to optimize ALP using a ray-tracing-based simulated optical model to achieve emmetropia. (2) Methods: A retrospective observational study was conducted on 43 eyes implanted with the same monofocal intraocular lens (IOL). Preoperative and postoperative biometric data were collected using the Lenstar LS900. Postoperative measurements included ALP, subjective refraction, and refraction error (RE). Optical simulations (OSLO EDU 6.6.0) were utilized to optimize ALP for emmetropia (ALPIDEAL). (3) Results: Paired t-test results between REOSLO-REOBJ (p-value = 0.660) and REOSLO-RESUB (p-value = 0.789) indicated no significant statistical differences. However, statistically significant differences were found between ALP and ALPIDEAL (p < 0.05), with a difference of −0.04 ± 0.45 mm [ranging from −1.00 to 1.20 mm]. A significant correlation was observed between ΔALP (ΔALP = ALP − ALPIDEAL) and RESUBJ. (4) Conclusions: This customized ray-tracing eye model effectively achieves refractive outcomes similar to those obtained both subjectively and objectively post-surgery. Additionally, it has enabled optical simulations to optimize the IOL position and achieve emmetropia.
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1. Introduction


Cataract surgery is now considered a type of refractive surgery, and patients have high expectations for achieving optimal visual outcomes to enhance their quality of life [1]. The individual selection of the optimal intraocular lens power (IOLP) is crucial to visual quality optimization after cataract surgery. In current practice, the IOLP is calculated by using statistical regression or theoretical formulas. Theoretical formulas have used different approaches to estimate the effective lens position (ELP). ELP, defined as the distance from the anterior surface of the cornea to the lens plane, assuming the lens is infinitely thin, is used to calculate IOLP. It is considered that 40% of the postoperative refractive error (RE) is due to an inaccurate prediction of ELP and is considered the leading source of postoperative errors [2,3].



The first generation of theoretical formulas assumed a constant ELP; the second generation replaced the constant ELP with a variable dependent on the axial length (AL). Third-generation formulas, such as SRK/T [4], Holladay I [5] or Hoffer Q [6], used AL and keratometry (K) to increase the accuracy of ELP prediction. New generation formulas, such as Barrett Universal II [7], Haigis [8], Holladay II, Olsen [9], and EVO, take more variables into account, such as lens thickness (LT), anterior chamber depth (ACD), white-to-white (WTW), age, and preoperative refraction. New generation formulas are not public, and thus their estimated ELP remains unknown. Formulas based on ray tracing calculations [10], artificial intelligence [11], or combinations of different methodologies [12] have been proposed recently, for instance, Hill-RBF, Kane, Pearl-DGS, or Karmona. Several studies [13,14] have reported good refractive outcomes with these new generation formulas, but there is no consensus on which is the most accurate method, especially in the most complex cases.



Deviation in ELP from the postoperative actual lens position (ALP, distance from the corneal epithelium to the anterior surface of the IOL) represents the largest source of error in modern IOLP calculation formulas [3]. Currently, optical coherence tomography and some optical biometers can be used to measure ALP. Lenstar LS 900 (Haag-Streit AG, Koeniz, Switzerland) is an optical biometry device that utilizes optical low coherence reflectometry [15] to measure different ocular biometric parameters in a single shot with excellent repeatability and reproducibility [16]. Knowledge on how ALP differs from ELP could be used to optimize ELP predictions, leading to better IOLP estimations and improved refractive and visual outcomes.



In the present study, we evaluated the utility of OSLO, an advanced optical tool, for designing numerical models of a pseudophakic eye based on the real ocular parameters (biometry and keratometric data) measured to accurately calculate the ideal IOL positions. By using OSLO, we aim to optimize the estimation of IOL position and improve refractive outcomes after cataract surgery.




2. Methods


2.1. Subjects and Procedures


This retrospective, observational study consisted of 43 eyes of 43 patients who had already undergone uneventful phacoemulsification with IOL implantation at Hospital Alcañiz between September 2021 and November 2022. The study was conducted in accordance with the Declaration of Helsinki and approved by the Aragon Research Ethics Committee (CEICA). The nature of the study was explained to all patients, and they signed an informed consent. All patients provided written, informed consent for publication.



Inclusion criteria were availability of preoperative ocular biometry measurements from Lenstar, suitability for Alcon Clareon monofocal IOL (Alcon Laboratories, Dallas, TX, USA) implantation in the capsular bag, and absence of complications during or after cataract surgery. Exclusion criteria were preoperative corneal astigmatism greater than 2.00 diopters (D), eyes with AL below 22 mm or over 26 mm, previous ocular surgery, ocular trauma, active ocular infection or inflammation, and the impossibility of IOL detection with Lenstar. If both eyes of a patient met the inclusion criteria, one eye was randomly selected for the study. The sample size was derived based on calculations and evaluation of the optimization of ALP to achieve emmetropia [17]. The same methodology applied to the current work suggested that a sample size of at least 16 participants would yield 90% power to optimize the position of the IOL and the refractive error at the 0.05 significance level.



Preoperatively and postoperatively (at 4–5 weeks after the surgery), central corneal thickness (CCT), K, ACD, LT, AL, and WTW were retrieved from the measurements obtained with the Lenstar system. The tomography obtained with the Pentacam HR (Oculus, Wetzlar, Germany) was used for collecting data, including anterior and posterior corneal radii and asphericities of both surfaces. Additionally, postoperatively, Lenstar optical biometry in “pseudophakic” mode was performed to determine the ALP. An objective refractive error (REOBJ) was performed using the Topcon autorefractometer, and the subjective refractive error (RESUBJ) was performed by the same experienced examiner (I.P.E) under the same conditions to avoid any influence on the results.




2.2. Surgery Procedure


The same surgeon (F.J.C.A.) performed all surgeries under topical anesthesia. A 5.5 mm continuous curvilinear capsulorhexis and a 2.4 mm clear temporal corneal microincision were made for the cataract procedure. The Clareon monofocal IOL, an acrylic hydrophobic material, was implanted in the capsular bag using the AutonoMe single-use injection system (Alcon). Its optic design induced a −0.20 µm spherical aberration of 6.00 mm on the anterior surface. Preoperative IOLP calculation was carried out with the Barrett Universal II formula, aiming for emmetropia with a manufacturer-labeled A-Constant of 119.1.




2.3. IOLP and ELP Calculation


Using the preoperative biometric data parameters, the IOLP and ELP were predicted using four formulas: Hoffer Q, Holladay I, SRK/T, and Haigis. These theoretical formulas are based on the multiple regression of the A-Constant, K and AL in Hoffer Q, Holladay I, SRK/T and ACD in Haigis. The constant lenses used were 5.64 for Hoffer Q, 1.84 for Holladay I, 119.1 for the SRK/T, a0 = −0.769, a1 = 0.234, a2 = 0.217 for Haigis.




2.4. Optical Modeling


In addition to the clinical study, optical simulations were conducted to estimate the postoperative refractive error (REOSLO) in terms of the spherical equivalent of the IOL after surgery. For the optical simulations, 43 numerical models of a pseudophakic eye based on the real ocular parameters (biometry and keratometric data) were created using commercial optical design software (OSLO EDU v.6.6.0, Lambda Research Corporation, Groton Rd, Westford, United States). The procedure to generate the pseudophakic eyes consisted of three main steps (Figure 1):




	(1)

	
Firstly, Clareon IOL was designed with a power range between 16.50 and 26.50 D and a spherical aberration on the anterior surface equal to −0.20 µm for a 6.00 mm pupil.




	(2)

	
Secondly, all real eyes were modeled using the refractive index values of the Atchison model eye [18]. To model each cornea, we used the postoperative tomography measurements obtained with Pentacam. The postoperative values of CCT, ALP, and AL were obtained from the Lenstar, and the position of the iris in each case was assumed from the measurement of the preoperative ACD with the Lenstar, which represented the distance from the anterior corneal vertex to the position of the crystalline lens.




	(3)

	
Thirdly, the operated eyes were simulated in the software, including the IOLP and the ALP.
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Figure 1. Model of pseudophakic real eye using OSLO. 
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REOSLO was determined using Zernike coefficients [19,20] from wavefront aberration analysis at 587 nm wavelength and 3 mm pupil diameter. The “refractive Zernike power polynomials” from Iskander et al.’s study [21] were employed to derive the spherocylindrical refraction. The following equations were applied to obtain the diopter vector components of residual refractive error that achieve minimum RMS wavefront error at the entrance’s pupil plane:


  M =    − 4  3      C   2   0         R   2       










    J   0   =    − 2  6      C   2   2         R   2       










    J   45   =    − 2  6      C   2   − 2         R   2       








where M denotes the average spherical error, J0 and J45 indicate the components of astigmatism and oblique astigmatism, respectively,     C   2   0     is the Zernike defocus coefficient,     C   2   2     is the Zernike astigmatism, and     C   2   − 2     is the Zernike oblique astigmatism coefficient (all in µm), and R is the aperture radius (in mm) of the entrance pupil’s system. The residual sphero-cylindrical refraction in minus-cylinder form was obtained with the following equations:


  c y l = − 2        J   0     2   +     J   45     2     










  s p h = M −    c y l   2     








where sph and cyl are the spherical and cylindrical components, respectively, of the residual sphero-cylindrical correction at the entrance pupil plane.



After the eyes were modeled, the ideal position of the IOL (ALPIDEAL) to achieve emmetropia, i.e., when the Root Mean Square would be zero, was determined. The difference between ALP and ALPIDEAL was called ΔALP (ΔALP = ALP − ALPIDEAL).




2.5. Data Analysis


A statistical analysis was conducted using R-Commander version 4.1.1 statistical software. The data’s normality was tested with the Shapiro–Wilk test, which did not reject normality (p > 0.05). Subsequently, a paired t-test was used to compare the means of related samples, identifying significant differences between them. Calculations were made for differences (mean dif.) between IOLP and ELP with each formula: postoperative objective refractive error (REOBJ), subjective refractive error (RESUBJ), and OSLO-derived refractive error (REOSLO). Bland–Altman plots were used to explore the correlation between ELP, ALP, and RE measurements. Limits of agreement (LoAs) were calculated as the mean ± 1.96 standard deviations (SD). Finally, the coefficient of determination (R2) was calculated to observe the fit of the sample values to a regression line between the variables RE and ΔALP.





3. Results


The study includes 43 eyes, with a mean age of the participants of 72 ± 5.40 years [range: 68–84]. Table 1 displays both preoperative and postoperative parameters for each variable. There are no statistically significant differences (t-test, p-value > 0.05) between preoperative and postoperative parameters.



3.1. Intraocular Lens Power


Table 2 displays the differences between calculated and implanted IOLP. The average IOLP ± SD calculated with Hoffer Q, Holladay I, SRK/T, and Haigis are also shown. No significant differences were found between Hoffer Q, Holladay I, SRK/T, and Haigis (t-test, p > 0.05). Nevertheless, there were significant differences between the IOLP calculated and the implanted IOLP (calculated with Barrett Universal II) in all cases.




3.2. Effective Lens Position and Actual Lens Position


The predicted ELP for each formula was as follows: Hoffer Q = 5.53 ± 0.26 mm, Holladay I = 5.50 ± 0.31 mm, SRK/T = 5.78 ± 0.35 mm and Haigis = 4.92 ± 0.25 mm. The mean dif. between the ELP calculated with different formulas were illustrated in Table 3. The Haigis formula resulted in a smaller predicted ELP compared to the other formulas, and the difference was statistically significant (in all cases, p < 0.05). However, no statistically significant differences were found among the third-generation formulas. The mean ALP obtained using Lenstar in “pseudophakic” mode at 4–5 weeks after the surgery was 4.53 ± 0.25 mm in the range of [3.80–5.02] mm.




3.3. Optical Modeling


REOSLO was −0.03 ± 0.56 D in the range of [(−1.76)–(+1.21) D]. The results of the paired t-test between REOSLO and REOBJ was p-value = 0.660, and between REOSLO and RESUBJ were a p-value = 0.789, did not show any significant statistical differences between them.



Figure 2 shows Bland–Altman plots between REOSLO and REOBJ and between REOSLO and RESUBJ. Gray-filled regions were drawn to inform about ±0.25 D.



The ALPIDEAL for achieving minimum REOSLO was 4.58 ± 0.48 mm in the range of [3.56–5.77] mm. There are statistically significant differences between ALP and ALPIDEAL (p-value = 0.003). The ΔALP was −0.04 ± 0.45 mm with a range of [(−1)–1.20] mm. A positive value of ΔALP indicates that the IOL with that power should have been positioned closer to the cornea in order to achieve a REOSLO of 0 diopters. The study found a significant correlation between ΔALP and postoperative refractive errors (REOBJ and RESUBJ), describing a linear trendline equation of y = 0.52x − 0.00 (R2= 0.46) with REOBJ and y = 0.59x + 0.02 (R2 = 0.67) with RESUBJ, as shown in Figure 3a,b. It is important to highlight the fact that eyes with large delta ALP (−1.00, +1.25 mm) will have large REOBJ and especially large RESUBJ, up to 1.00 diopter.





4. Discussion


Deviations in the preoperative estimation of postoperative IOL position, i.e., the ELP, represent the largest contribution to error in modern IOLP calculation formulas [2,16,22]. The current study analyzed the estimated ELP using various IOL power calculation formulas. Differences in the ELP calculated with Hoffer Q, Holladay I, and SRK/T were not statistically significant. However, the predicted ELP was consistently lower with the Haigis formula, which incorporates anterior chamber depth (ACD) in its estimation of ELP, compared to the other formulas. It has been observed that the accuracy of ELP calculations may vary among different calculation formulas and among individual patients.



Various authors have investigated parameters and formulas to accurately estimate the ELP and its correlation with the ALP [23,24]. Previous reports have shown discrepancies in theoretically back-calculating ELP compared to postoperative ALP [5,25,26]. Olsen and Hoffmann [27] proposed a C constant to estimate IOL position as a fraction of lens thickness. Hirnschall et al. [28] developed a regression equation using intraoperative measurements to predict postoperative IOL position. Over time, theoretical formulas for ELP calculation have evolved to incorporate additional biometric factors. However, factors such as IOL material, thickness, and optic-haptic configuration [29] also influence the final IOL position. Most theoretical IOL power calculation formulas are based on simplified eye models with thin corneas and IOL models [2].



In a previous study employing comparable methodology, Castro et al. [17] utilized Lenstar to measure postoperative ALP in patients who received the SN60WF IOL. Their findings closely mirrored ours, demonstrating an ALP of 4.50 ± 0.33 mm with the Clareon IOL, which shares the same platform design (Alcon Laboratories, Inc.). Moreover, Castro et al. [17] identified a 1.04 mm difference between ELP and ALP when using the SRK/T formula, a result that aligns with the 1.25 mm difference observed in our current study.



No statistically significant differences were identified between the IOLPs calculated using third-generation formulas and Haigis. However, there was a significant difference with Barrett Universal II, which incorporates additional parameters like LT, ACD, and WTW. Our study further confirms that using the Barrett formula is effective in calculating IOLP, as the mean of RESUBJ was −0.02 ± 0.39 D.



It is believed that among the factors affecting postoperative visual function, the stability of the postoperative IOL position has recently been considered a key factor. This stability can be represented by ELP [16]. Third-generation formulas ignore the posterior radius of the cornea and assume a single keratometric index. However, ray-tracing-based IOLP estimates can overcome these limitations. Customized ray-tracing eye models can integrate parameters such as anterior and posterior corneal topography, biometry and IOL position. This approach can significantly improve the accuracy of IOLP selection, especially in challenging cases involving irregular corneas or eyes with prior refractive surgery.



In the present study, ray tracing was employed to model different eyes and adjust the theoretical positions of the IOLs to achieve emmetropia. To our knowledge, this is the first instance of using this tool for such a methodology and purpose. From Figure 2a,b, a strong correlation was found between REOSLO and RESUBJ [mean dif. −0.01 ± 0.27 D] and REOSLO and REOBJ [mean dif. 0.02 ± 0.35 D]. The SD for REOSLO-RESUBJ is closely aligned with the clinically significant tolerance of ±0.25 D. It can be inferred that eye models developed using this tool, incorporating data from Lenstar and Pentacam, accurately depict the refractive characteristics of eyes post-cataract surgery.



This tool is proposed to study the impact of non-ideal axial positioning of the IOL. A strong correlation was found between RESUBJ and ΔALP, enabling the evaluation of different IOL positions to determine the most suitable position for calculations and optimize the study lens while assessing errors in magnitude and direction. In this context, an alternative approach could involve optimizing the IOLP for a specified position. However, a clinical constraint arises due to the standard availability of IOLs in 0.50 D increments.



This study has limitations. Firstly, the sample excluded eyes with extreme axial length. Secondly, only four open-source formulas were studied due to the unavailability of modern formulas like Barrett Universal II, which has an undisclosed ELP estimation method. Thirdly, the Clareon lens changes its design across a range from 16.50 to 26.50 D by varying the Coddington factor and clear optical zone, factors that were not taken into account. Additionally, refractive predictions using ray tracing relied on postoperative ALP measurements. Future studies should validate the tool preoperatively using formula-provided ELP estimates to anticipate potential errors and optimize IOL power calculation. Improving ELP prediction accuracy is crucial for achieving better refractive outcomes.




5. Conclusions


A customized ray-tracing eye model was proposed, integrating parameters such as anterior and posterior corneal topography, biometry, and IOL position. There is a strong correlation observed between different refractive parameters (REOSLO-RESUBJ and REOSLO-REOBJ), indicating the tool’s ability to accurately predict refractive outcomes post-cataract surgery. Optical simulations were used to optimize ALP for emmetropia (ALPIDEAL). There are statistically significant differences between ALP and ALPIDEAL. A significant correlation between ΔALP (ΔALP = ALP − ALPIDEAL) and RESUBJ was found, as well as between ΔALP and REOBJ.
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Figure 2. Bland–Altman plots between (a) REOSLO and REOBJ (b) REOSLO and RESUBJ. Mean dif. REOSLO-REOBJ = 0.02 ± 0.35 D and LoAs (−0.65, 0.70) D. Mean of dif. REOSLO-RESUBJ = −0.01 ± 0.27 D and LoAs (−0.47, 0.44) D. The gray area indicates ±0.25 D. 
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Figure 3. (a) REOBJ vs. ΔALP (mm). (b) RESUBJ vs. ΔALP (mm). 
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Table 1. Preoperative and postoperative data. Means ± SD [minimum value–maximum value].
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Preoperative Data

	
Postoperative Data

	
p-Value






	
AL (mm)

	
23.52 ± 0.96 [22.18–25.97]

	
23.46 ± 1.05 [22.06–25.97]

	
0.123




	
CCT (µm)

	
550 ± 37 [478–661]

	
550 ± 37 [475–654]

	
0.972




	
WTW (mm)

	
11.93 ± 0.36 [11.14–12.60]

	
11.95 ± 0.96 [10.9–12.89]

	
0.701




	
Km anterior (D)

	
43.23 ± 1.38 [40.65–46.44]

	
43.14 ± 1.44 [40.31–46.44]

	
0.572




	
Km posterior (D)

	
−5.97 ± 1.29 [(−6.5)–(−5.97)]

	
−6.16 ± 1.50 [(−6.60)–(−5.55)]

	
0.692




	
ACD (mm)

	
3.11 ± 0.38 [2.48–3.85]

	

	




	
LT (mm)

	
4.52 ± 0.44 [3.470–5.450]

	
-




	
ALP (mm)

	
-

	
4.53 ± 0.25 [3.81–5.24]




	
IOLT (mm)

	
-

	
0.67 ± 0.06 [0.55–0.96]




	
REOBJ (D)

	
−0.05 ± 0.35 [(−1.25)–(+1.00)]

	




	
RESUBJ (D)

	
−0.02 ± 0.39 [(−0.62)–(+1.00)]

	








AL, Axial Length; CCT, Central Corneal Thickness; WTW, White To White distance; Km anterior, Mean Anterior keratometry; Km posterior, Mean posterior keratometry; ACD, Anterior Chamber Depth; ALP, Actual Lens Position; LT, Crystalline Lens Thickness; IOLT, Intraocular Lens Thickness; REOBJ, Objective Refractive Error; RESUBJ, Subjective Refractive Error.













 





Table 2. Mean dif. between implanted and calculated IOLP using the formulas. The average IOLP calculated with Hoffer Q, Holladay I, SRK/T, and Haigis are shown in brackets.
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IOLP

Hoffer Q

[21.29 ± 2.79 D]

	
IOLP

Holladay I

[21.12 ± 2.72 D]

	
IOLP

SRK/T

[21.32 ± 2.50 D]

	
IOLP

Haigis

[21.12 ± 2.66 D]






	
Mean dif. ± SD (mm)

	
IOLP Implanted

	
0.31 ± 0.91

	
0.48 ± 1.01

	
0.28 ± 0.78

	
0.49 ± 0.83




	
LoAs (mm)

	
(−1.48, 2.10)

	
(−1.50, 2.47)

	
(−1.25, 1.81)

	
(−1.15, 2.12)




	
p-value (t-test)

	
0.030 *

	
0.003 *

	
0.023 *

	
p < 0.001 *








Mean dif., Mean of differences; SD, Standard Deviation; LoAs, Limits of agreement. * Statistically significant differences.













 





Table 3. Mean dif. between ELP calculated with Hoffer Q, Holladay I, SRK/T, and Haigis formulas.
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ELP Hoffer Q

	
ELP Holladay I

	
ELP SRK/T






	
Mean dif. ± SD (mm)

	
ELP Holladay I

	
0.02 ± 0.18

	
-

	
-




	
LoAs (mm)

	
(−0.32, 0.38)




	
p-value (t-test)

	
0.320




	
Mean dif. ± SD (mm)

	
ELP SRK/T

	
−0.04 ± 0.19

	
−0.07 ± 0.23

	
-




	
LoAs (mm)

	
(−0.42, 0.33)

	
(−0.52, 0.38)




	
p-value (t-test)

	
0.139

	
0.055




	
Mean dif. ± SD (mm)

	
ELP Haigis

	
0.61 ± 0.09

	
0.58 ± 0.22

	
0.65 ± 0.27




	
LoAs (mm)

	
(0.42, 0.79)

	
(0.14, 1.01)

	
(0.12, 1.17)




	
p-value (t-test)

	
0.001 *

	
p < 0.001 *

	
p < 0.001 *




	
Mean ± SD (mm)

range (mm)

	
ALP

	
4.53 ± 0.25




	
(3.80–5.02)








Mean dif., Mean of differences; SD, Standard Deviation; LoAs, Limits of agreement. * Statistically significant differences.
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