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Purpose: To compare the accuracy of 16 intraocular lens (IOL) power calculation formulas in pediatric cataract eyes.

Patients and Methods: The data records of pediatric patients who had been implanted with three IOL models (SA60AT, MA60AC,
and enVista-MX60) between 2012 and 2018 were analyzed. The accuracy of 16 IOL power calculation methods was evaluated: Barrett
Universal 11 (BUII), Castrop, EVO 2.0, Haigis, Hill-RBF 3.0, Hoffer Q, Hoffer QST, Holladay 1, Kane, LSF Al, Naeser 2, Pearl-DGS,
SRK/T, T2, VRF, and VRF-G. The non-optimized (ULIB/IOLcon) and optimized constants were used for IOL power calculation. The
mean prediction error (PE), Performance Index (FPI), and all descriptive statistics were calculated.

Results: Ninety-seven eyes of 97 pediatric patients aged 13.2 (IQR 11.2-17.1) were included. No statistically significant difference
(HS-test) was observed (p > 0.818) except for the Hoffer Q, and Naeser 2 (P = 0.014). With optimized lens constants, the best FPI
indices were obtained by Hoffer Q (0.256) and VRF-G (0.251) formulas, followed by Hill-RBF 3.0 and BUII, with an index of 0.248.
The highest FPI indices with non-optimized constants showed SRK/T and T2 formulas (0.246 and 0.245, respectively), followed by
VRF-G and Holladay 1, with an index of 0.244. The best median absolute error values (MedAE) were achieved by Hoffer Q (0.50 D),
VREF-G (0.53 D), and Hill-RBF 3.0 (0.54 D), all P > 0.074.

Conclusion: Our results place the Hoffer Q, VRF-G, Hill-RBF 3.0, and BUII formulas as more accurate predictors of postoperative
refraction in pediatric cataract surgery.
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Introduction

Congenital cataracts account for up to 20% of childhood blindness worldwide, though prevalence varies geographically.'
Prevalence of visually significant cataracts is 3—4 to 10.000 live births in the United States.” This rate is comparable to
a UK study that found a prevalence of 3.18 per 10.000 people.’

Intraocular lens (IOL) power calculations in the pediatric age group are challenging. While in adults, up to 97.8% of
eyes spherical equivalent (SE) refractions were within 1.00 diopter (D),*> in children, the prediction accuracy is
significantly lower following surgery. Only 66.0% of eyes attain 1.00 D SE of the target refraction.® Earlier reports in
children that investigated the accuracy of previous-generation IOL formulas (Haigis, Hoffer Q, Holladay 1, Holladay 2,
SRK/T, and T2) have found high absolute prediction errors.”® This inaccuracy is accentuated in shorter axial length
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While newer-generation formulas such as the Barrett Universal II (BUII) Kane, Ladas Super Formula with Al
improvements (LSF AI), and EVO 2.0 were evaluated in the pediatric population,” ' other new formulas have never
been studied (Castrop, EVO 2.0, Hill-RBF 3.0, Hoffer QST, Neser 2, Pearl-DGS, and the VRF-G). Many studies devoted
to IOL power accuracy in the adult population were introduced. Recently, the authors compared 24 IOL power formulas.
They found that newer formulas (Barrett Universal II, Hoffer QST, K6, Kane, Karmona, RBF 3.0, PEARL-DGS, and
VRF-G) were the most accurate predictors of postoperative refractions.'> However, the accuracy of most of them is still
unknown in pediatric cataract surgery. Pediatric eyes have discrepancies compared to adult patients. The axial length is
usually shorter, corneal curvature is steeper, and problems related to cooperation exist. Moreover, ongoing ocular growth
and structural differences in the anterior chamber make it difficult to predict the effective lens position and actual power
of the IOL, respectively.

Therefore, our study aims to compare the accuracy of IOL power calculation formulas in the pediatric age group
between 16 different formulas.

Materials and Methods

In this retrospective study, we reviewed all the charts of patients aged 6 months to 18 years old who underwent
uneventful cataract extraction operations with in-The-bag IOL implantation between 2012 and 2018 at the Hospital for
Sick Children (SickKids), Toronto, Ontario, Canada. The study was approved by the Institutional Research Ethics Board
and adhered to the tenets of the Declaration of Helsinki (REB# 1000051744). A patient parental informed consent
statement was obtained for each participant. Only one eye of each patient was randomly included in the analysis to
reduce inter-eye correlation bias.'® In case of bilateral surgery, if both eyes were eligible, the right eye was included. All
children have undergone manual retinoscopic refraction, with manifest refraction being recorded in verbal children for
further statistical analysis at 1-3 months postoperatively.

Clinical Evaluation

Partial coherence interferometry (IOLMaster 500, Carl Zeiss Meditec AG, Jena, Germany) in cases of cooperative patient
and immersion A-scan ultrasonography (Eye Cubed™, Ellex, Adelaide, Australia) with keratometry measurements
ARK30 (Nidek Co. LTD, Aichi, Japan) were taken when cooperation was not appropriate or in the presence of dense
cataracts. The axial length (AL), keratometry (K), anterior chamber depth (ACD, measured from corneal epithelium to
lens), lens thickness (LT), and corneal diameter (CD) data were recorded. In challenging cases, custom-made plastic rings
with prespecified diameters for CD measurements were also used. Only the eyes with one of three IOL models, SA60AT,
MAG60AC (Alcon Laboratories, Fort Worth, TX, USA), and enVista MX60 (Bausch & Lomb, Rochester, NY, USA), were
included.

Inclusion and Exclusion Criteria
This investigation involved patients under 18 years and older than 6 months admitted to cataract surgery with in-The-bag
IOL implantation with a postoperative follow-up of 1-3 months.

Exclusion criteria were the absence of any biometry data or postoperative refraction, planned or unplanned sulcus
IOL implantation, eyes with traumatic cataract, chronic uveitis, lenticonus, previous corneal transplantation, and
persistent fetal vasculature. Of the 190 charts of pediatric patients, 93 eyes were excluded due to different reasons,
including the absence of some biometric values such as ACD, LT, or CD data and implantation of other types of IOL.

IOL Power Calculation

Biometric information was used to calculate the predicted target refraction separately for each of the following 16 IOL
calculation formulas: Barrett Universal II (BUII),14 Castrop,15 EVO 2.0,”’ Haigis,17 Hill-RBF 3.0,18 Hoffer Q,19 Hoffer
QST,? Holladay 1,%' Kane,”* LSF AI,>* Naeser 2,%* Pearl-DGS,*> SRK/T,?® T2,>” VRE,*® and VRF-G.? Calculations for
the BUII, Castrop, EVO 2.0, Hill-RBF 3.0, Hoffer QST, Kane, LSF Al, and Pearl-DGS formulas were performed by
entering the biometry and the keratometry information into their online calculators (BUII, available at: http://calc.apacrs.
org/barrett universal2105/, accessed: September 9, 2023; Castrop (LPCM), available at: https://iolcon.org/Ipcm.php,
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accessed: September 9, 2023; EVO (2.0), available at: http://www.evoiolcalculator.com, accessed on September 9, 2023;
Hill-RBF 3.0, available at: http://www.rbfcalculator.com, accessed on September 9, 2023; Hoffer QST, available at:
https://hoffergst.com/, accessed: September 9, 2023; Kane: available at https:/www.iolformula.com, accessed:

September 9, 2023; Ladas Super Formula with Al improvements (LSF Al), available at: http://www.iolcalc.com,

accessed on September 9, 2023; Pearl-DGS, available at: http://www.iolsolver.com, accessed on September 9, 2023.

Lens constants were set according to the online User Group for Laser Interference Biometry (ULIB) (available at: http://
ocusoft.de/ulib/cl.htm, accessed September 9, 2023), and IOLCon (available at: https://iolcon.org/lensesTablephp,
accessed on September 9, 2023) websites.

Prediction Error Calculations and IOL Constant Optimization

Predicted refractions for the Haigis, Hoffer Q, Holladay 1, Naeser 2, SRK/T, T2, VRF, and VRF-G formulas were
calculated with the Excel software spreadsheet (Microsoft Office Professional Plus 2016, Microsoft Inc. Redmond, WA)
programmed using the original publications and errata that had been verified previously against a large database from the
IOLMaster biometer and followed all authors recommendations.'®'%2%23-2528 The ULIB and IOLCon (Castrop formula)
constants were initially set. Constant optimization is necessary to improve formula accuracy and reduce systematic
erroring.”’

The prediction error (PE) was calculated by subtracting the predicted refraction from the actual postoperative SE
refraction. For the eight formulas (Haigis, Hoffer Q, Holladay 1, Naeser 2, SRK/T, T2, VRF, and VRF-G), IOL constant
optimization was applied by adjusting the accordant constant to yield a zero PE for each eye and calculating the mean of
all individual constants. For the Haigis formula, triple optimization was carried out by multiple linear regression with
anterior chamber depth and AL. Since individual constant optimization was not possible for the non-published formulas,
optimization was conducted by adjusting the PE for each eye by the amount equal to the mean PE of that formula, as
described by Wang et al.>*

Initially, the mean PE was calculated for each IOL using the ULIB/IOLCon constants as specified above. Then, the
mean PE was subtracted from each PE to produce an adjusted PE. The average of the adjusted PEs yielded a zeroed mean
PE. The mean and standard deviation (SD) of the PE, the median and mean absolute errors (MedAE and MAE,
respectively), and the percentage of eyes with prediction errors within + 0.25 D, £ 0.50 D, = 0.75 D, + 1.00 D, + 1.50
D, and + 2.00 D were calculated for all IOL formulas.

Statistical Analysis
SPSS (version 23.0, IBM Inc, Chicago, Illinois, USA) and the R Project 4.3.0 (R language and Environment for
Statistical Computing, https://www.Rproject.org/) were used for statistical analyses. The Kolmogorov—Smirnov test

tested the normality distribution of variables. Descriptive statistics are presented as a mean £+ SD for normally distributed
variables and as a median with interquartile range (IQR) for non-normal distributed variables. The heteroscedastic
statistical method was applied as described by Holladay et al, with SD of the PEs as a parameter to evaluate formula
performance.’! The one-way ANOVA test was used to evaluate the difference between the non-optimized PEs from 0.
The absolute PEs were compared using Friedman’s ANOVA test. Dunn’s post-test was used for post hoc analysis in case
of significant results. Cochran’s Q-test was used to compare the percentage of the eyes within the dioptric range
indicated. The McNemar test for paired proportions was applied for significant results. P-values were adjusted with
the Holm-Bonferroni correction method for multiple tests. A p-value < 0.05 was considered statistically significant.
A minimum sample size of 78 eyes was calculated using the PS program (version 3.0.12; Dupont WD, 2012). A post hoc
analysis (G*Power 3.1) of the whole data set with n=97, highest SD=1.58, lowest SD=1.32, and two tails yields a power
of 0.68 for an alpha level of 0.05. This sample size would be necessary to detect a difference in an absolute error of 0.05
D with a power of 95% at a significance level of 5%, given a within-subject SD for keratometry equal to 0.08 D.**

Results
One hundred and ninety patients underwent primary IOL implantation, of which 93 patients were excluded from the
study for various reasons. After exclusion, ninety-seven eyes of 97 children were analyzed. All participants had
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undergone cataract extraction surgery with in-The-bag posterior chamber IOL implantation. Demographic characteristics,
relevant measurements used for calculation, distribution of IOL’s type, mean inserted IOL power, and median post-
operative spherical error are presented in Table 1.

Prediction Error: Optimized Constants

The highest percentages of eyes with a PE within +0.25 D were represented with Hill-RBF 3.0 (29.9%), VRF-G (26.8%)
and Naeser 2 (25.8%) formulas. The highest percentages of eyes with a PE within £0.50 D were Hoffer Q (50.5%), VRF-
G (48.5%), and BUII (48.5%) (Figure 1). Statistically significant differences were found between the formulas with a PE
within £0.50 D (p = 0.003) and £1.50 D (p = 0.033). Rates of predictability within £0.75 D, £1.00 D, +£1.50 D, and £2.00
D are presented in Table 2 and Figure 1.

Absolute Prediction Errors: Optimized Constants

Analyzing absolute prediction errors (MedAE and MAE), Friedman’s ANOVA had no statistically significant differences
among sixteen formulas (p > 0.074, Table 2). The lowest MedAE values were achieved by Hoffer Q (0.50 D), VRF-G
(0.53 D), Hill-RBF 3.0 (0.54 D), and BUII (0.54 D) formulas, whereas the highest MedAEs were related to SRK/T (0.71
D), EVO 2.0 (0.66 D), LSF AI (0.66 D), and T2 (0.66 D) (Table 3).

Standard Deviations: Optimized Constants
The T2, SRK/T, and Hoffer Q formulas showed the lowest values of SD (1.32 D, 1.33 D, and 1.34 D, respectively). The
heteroscedastic statistical analysis revealed a statistically significant difference in SD values only between the Hoffer

Q and Naeser 2 formulas (p = 0.014). A comparison of all other formulas did not show any other statistically significant
difference (p > 0.818), Table 4.

Table | Patient’s Characteristics, Biometry Measurements, the Implanted IOLs, and
Postoperative Objective Spherical Equivalent Refraction

Male, % 60.8%

Right Eye, % 52.6%

Median Age (years) [IQR, range] 13.2, [I1.2-17.1, 6.3-18.2]

Mean AL (mm) SD [range] 22.59 + 1.94, [19.45-32.42]

Mean K1 (D) SD [range] 43.05 * 2.04, [39.00—48.75]

Mean K2 (D) SD [range] 45.03 + 2.26, [40.81-51.75]

Mean ACD (mm) SD [range] 3.59 + 0.46, [2.33-4.48]

Mean WTW diameter (mm), [IQR, range] 12.00 + 0.49, [11.71-12.25, 10.25-13.5]
Mean LT (mm) [IQR, range] 3.61 £0.97, [3.30-4.23, 1.71-6.85]

IOL Model, (n), SA60AT / MA60AC / enVista MX60 | 45/35/ 17

Mean IOL Power (D) SD [range] 22.51 = 5.17, [1.0-39.0]

Median Postoperative SE Refraction (D) [IQR, range] | 0.5, [(—0.38) — (+2.25), (—6.62) — (+6.00)]

Abbreviations: %, percentages; IQR, interquartile; [range], range of values; AL, axial length; mm, millimeters; SD,
standard deviation; D, diopters; KI, flat keratometry; K2, steep keratometry; ACD, anterior chamber depth
(measured from corneal epithelium to lens); WTW diameter, corneal diameter; LT, lens thickness; IOL, intraocular
lens; n, number; SE, spherical equivalent.
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Figure | Stacked histogram comparing the percentage of cases with a given prediction error. Formulas are ranked according to the higher percentage for the prediction
error within < 0.50 D. The Hoffer Q, VRF-G, Barrett Universal Il, and Hill-RBF 3.0 formulas had a significantly higher accuracy within * 0.50 D compared with the other
formulas.

Performance Indices: Optimized Constants
The Hoffer Q and VRF-G formulas exhibited the highest performance indices (0.256 and 0.251, respectively), followed
by Hill-RBF 3.0 and BUII, with an index of 0.248.

IOL Power Calculation with Non-Optimized Constants

Prediction Error: Non-Optimized Constants

The results were generally concordant with the optimized predictability calculations. A statistically significant difference
between the PE was found predominantly between Hoffer Q and Naeser 2 formulas (p = 0.027, HS test). Friedman’s
ANOVA with Dunn’s post-hoc test observed significant differences between the Holladay 1 vs Haigis, LSF Al, Kane and
Naeser 2 (p < 0.001), Pearl-DGS vs LSF Al (p = 0.042), SRK/T vs Haigis, Kane and LSF Al (p < 0.033), VRF-G vs
Haigis, Kane, LSF Al and Naeser 2 (p < 0.004) (Table 2).

Absolute Prediction Error: Non-Optimized Constants

The highest percentages of eyes with a PE within £0.50 were VRF-G (43.3%), Holladay 1 (42.3%), and VRF (41.2%).
The lowest MedAE values were achieved by VRF-G (0.59 D), SRK/T (0.61 D), and T2 (0.62 D) (Figure 2).
A statistically significant difference in the percentage of eyes within £0.50 D (p = 0.030), £0.75 D (p = 0.012), £1.00
D (p = 0.012), and £2.00 D (p = 0.08) from target refraction was seen between the formulas (Table 2).

Standard Deviations: Non-Optimized Constants

The lowest SD values were obtained with T2 (1.31 D), SRK/T (1.32 D), and Hoffer QST (1.35 D). All formulas
demonstrated a negative mean PE with a significant deviation from zero (p = 0.011), with Hill-RBF 3.0 as an exception
(PE = 0.34 D).
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Table 2 Intraocular Lens Power Calculation Predictability and Cumulative Percentage of Eyes with a Prediction Error Within + 0.25, £ 0.50 D, £ 0.75, £ 1.00 D, £ 1.50 D, and + 2.00
D from Target Refraction Using Non-Optimized and Optimized Constants for All IOL Formulas

Non-Optimized (ULIB/IOLCon) constants:
Formulas BUIl | Castrop | EVO | Haigis | Hill-RBF | Hoffer Hoffer Holladay | Kane | LSF Naeser Pearl- | SRK/ T2 VRF | VRF- | p-value
2.0 3.0 Q QST | Al 2 DGS T G
Mean PE —-0.42 -0.36 -027 | -0.50 0.34 -0.38 -0.37 —-0.16 —047 | —0.47 -0.29 -0.27 —0.11 | —0.17 | —0.26 | —0.14 | o0.0II
SD of PE 1.42 1.60 1.39 1.43 1.36 1.36 1.35 1.36 1.48 1.49 1.50 1.42 1.32 1.31 1.39 1.40 0.027%*
MedAE 0.75 0.80 0.69 0.78 0.67 0.67 0.72 0.64 0.80 0.79 0.72 0.69 0.6l 0.62 0.69 0.59 0.000%
MAE 1.0l 1.10 0.98 1.09 0.96 0.97 0.97 091 1.08 1.09 1.07 0.98 0.93 0.93 0.98 0.92
Within £0.25 D 15.5% 17.5% 17.5% | 13.4% 24.7% 17.5% 20.6% 24.7% 18.6% | 16.5% 17.5% 15.5% 16.5% | 19.6% | 19.6% | 29.9% | 0.145
Within £0.50 D | 35.1% 29.9% 34.0% | 30.9% 40.2% 38.1% 39.2% 42.3% 30.9% | 30.9% 41.2% 38.1% 38.1% | 36.1% | 41.2% | 43.3% | 0.030
Within £0.75 D | 50.5% 49.5% 55.7% | 45.4% 53.6% 55.7% 51.5% 55.7% 45.4% | 48.5% 50.5% 52.6% 57.7% | 57.7% | 51.5% | 60.8% | 0.012°
Within £1.00 D | 67.0% 61.9% 67.0% | 61.9% 66.0% 66.0% 67.0% 71.1% 61.9% | 59.8% 62.9% 66.0% 72.2% | 72.2% | 70.1% | 70.1% | 0.012
Within £1.50 D | 82.5% 82.5% 82.5% | 79.4% 80.4% 83.5% 80.4% 82.5% 81.4% | 80.4% 79.4% 82.5% | 80.4% | 80.4% | 81.4% | 83.5% | 0.798
Within £2.00 D | 90.7% 89.7% 89.7% | 87.6% 90.7% 89.7% 88.7% 92.8% 88.7% | 87.6% 88.7% 91.8% | 93.8% | 94.8% | 88.7% | 88.7% 0.08"
Optimized Constants:
Formulas: BUII Castrop EVO Haigis Hill-RBF Hoffer Hoffer Holladay | | Kane LSF Naeser Pearl- SRK/ T2 VRF VRF- p-value
2.0 3.0 Q QsT Al 2 DGS T G
Mean PE 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 1.000
SD of PE 1.41 1.58 1.39 1.43 1.36 1.34 1.35 1.35 1.48 1.49 1.50 1.40 1.33 1.32 1.39 142 | 0.014%
MedAE 0.54 0.6l 0.66 0.6l 0.54 0.50 0.6l 0.60 0.60 0.66 0.64 0.54 0.71 0.66 0.63 0.53 >
MAE 0.90 0.99 0.94 0.96 0.88 0.88 0.91 0.92 0.96 0.96 1.0l 0.92 0.93 0.92 0.94 0.92 0.074*
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Within £0.25 D | 21.6% 19.6% 19.6% | 23.7% 29.9% 22.7% 24.7% 18.6% 21.6% | 23.7% 25.8% 19.6% 14.4% | 15.5% | 23.7% | 26.8% 0.111
Within £0.50 D | 48.5% 44.3% 42.3% | 43.3% 47.4% 50.5% 43.3% 40.2% 44.3% | 42.3% 35.1% 45.4% 36.1% | 37.1% | 42.3% | 48.5% | 0.003"
Within £0.75 D | 62.9% 57.7% 55.7% | 58.8% 62.9% 58.8% 59.8% 60.8% 57.7% | 59.8% 56.7% 62.9% 60.8% | 60.8% | 57.7% | 60.8% 0.834
Within £1.00 D | 73.2% 69.1% 69.1% | 66.0% 71.1% 73.2% 74.2% 71.1% 72.2% | 69.1% 66.0% 70.1% 71.1% | 72.2% | 68.0% | 71.1% 0.231
Within £1.50 D | 84.5% 83.5% 85.6% | 80.4% 82.5% 80.4% 80.4% 82.5% 82.5% | 81.4% 75.3% 85.6% 81.4% | 79.4% | 80.4% | 83.5% | 0.033°
Within £2.00 D | 90.7% 91.8% 90.7% | 88.7% 90.7% 92.8% 92.8% 92.8% 90.7% | 89.7% 90.7% 89.7% 93.8% | 92.8% | 90.7% | 89.7% 0.265

Notes: BUII vs Hill-RBF 3.0: p = 0.017, Kane vs Hill-RBF 3.0: p = 0.007, LSF Al vs Hill-RBF 3.0: p = 0.07, Hoffer Q vs Hill-RBF 3.0: p = 0.032, Haigis vs Hill-RBF 3.0: p = 0.004, Castrop vs Hill-RBF 3.0: p = 0.048, Hoffer QST vs Hill-RBF 3.0:
p = 0.041; One-way ANOVA test with Tukey HSD Post Hoc Test. *Hoffer Q vs. Naeser 2: p = 0.027, all other: p= 0.969, heteroscedastic statistics adjusted with the Holm-Bonferroni correction method for multiple tests.”Holladay | vs
Haigis, LSF Al, Kane and Naeser 2: p < 0.001, Pearl-DGS vs LSF Al: p = 0.042, SRK/T vs Haigis, Kane, and LSF Al: p < 0.033, VRF-G vs Haigis, Kane, LSF Al, and Naeser 2: p < 0.004; Friedmans Two-way ANOVA test with the Dunn’s Post
Hoc Test. "Haigis vs Naeser 2, p = 0.031, VRF-G vs Castrop, Haigis, Kane, and LSF Al, p < 0.045; Cochran’s Q-test with McNemar Post Hoc test.”Hoffer Q vs Haigis: p = 0.022, BUIl vs VRF-G: p = 0.031, Kane vs EVO 2.0, SRK/T, T2, and
VRF-G: p < 0.045, SRK/T vs Haigis: p = 0.038, VRF-G vs LSF Al: p = 0.07, VRF-G vs Pear|-DGS: p = 0.021, VRF-G vs Castrop: p = 0.023, VRF-G vs VRF: p = 0.035, VRF-G vs Naeser 2: p = 0.041, Haigis vs SRK/T, T2, and VRF-G: p < 0.038;
Cochran’s Q-test with McNemar Post Hoc test. ‘SRK/T vs Kane and LSF Al: p = 0.019, T2 vs Naeser 2: p = 0.049, T2 vs Kane and LSF Al: p = 0.013, VRF vs Naeser 2: p = 0.021, VRF vs Kane and LSF Al: p < 0.031, Kane vs EVO 2.0: p =
0.039, Kane vs Holladay |: p = 0.013, LSF Al vs Holladay | and T2: p = 0.013; Cochran’s Q-test with McNemar Post Hoc test.”Hoffer QST vs T2: p = 0.031, T2 vs Kane and LSF Al: p = 0.016, T2 vs EVO 2.0: p = 0.031, Haigis vs T2: p =
0.016, T2 vs Hoffer QST, Naeser 2, VRF, and VRF-G: p =0.031; Cochran’s Q-test with McNemar Post Hoc test. **Hoffer Q vs Naeser 2: p = 0.014, all other: p= 0.967, heteroscedastic statistics adjusted with the Holm-Bonferroni
correction method for multiple tests. *All p > 0.074 after conducting post hoc analysis with the Holm-Bonferroni adjustment. “BUII vs SRK/T, T2, and Naeser2: p < 0.037, Hoffer Q vs LSF Al: p = 0.022, SRT/T vs Hoffer Q, VRF-G, and
Hill-RBF 3.0: p < 0.031, Hoffer Q vs Holladay I: p = 0.021, Hoffer Q vs Hoffer QST, T2, VRF, and Naeser 2: p = 0.039, T2 vs Hill-RBF 3.0 and VRF-G: p < 0.027, VRF-G vs SRK/T, T2, and Naeser 2: p < 0.017, Hill-RBF 3.0 vs SRK/T, T2, and
Naeser 2: p < 0.038: Cochran’s Q-test with McNemar Post Hoc test. 9BUII vs Naeser 2: p =0.012, Kane vs Naeser 2: p = 0.039, EVO 2.0 vs Hoffer QST, VRF, and Naeser 2: p < 0.031, Pearl-DGS vs Naeser 2: p = 0.022, Naeser 2 vs BUII,
Kane, EVO 2.0, Pearl-DGS, Holladay I, and VRF-G: p < 0.039; Cochran’s Q-test with McNemar Post Hoc test.

Abbreviations: PE, prediction error; %, percentages; SD, standard deviation; MAE, mean absolute prediction error; MedAE, median absolute prediction error; D, diopters; p-value, calculated probability; BUII, Barrett Universal Il; EVO,
Emmetropia Verifying Optical; Hill-RBF, Hill Radial Basis Function; Hoffer QST, Hoffer Q Savini Taroni; LSF Al, Ladas Super Formula Al; Pearl-DGS, Pearl-Debellemaniére Gatinnel Saad; SRK/T, Sanders Retzlaff Kraff Theoretical; VRF,
Voytsekhivskyy Regression Function.
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Table 3 Median Absolute Predicted Error (MedAE) and Mean Absolute
Predicted Error (MAE) for All IOL Formulas

Formula Absolute Predicted Error | Absolute Predicted Error
Median (MedAE)*, (IQR) Mean (MAE) £ SD
Hoffer Q 0.50, (0.27-1.16) 0.88 + 1.34
VRF-G 0.53, (0.25-1.14) 092 + 1.42
Hill-RBF 3.0 0.54, (0.20-1.19) 0.88 + 1.36
BUII 0.54, (0.29-1.07) 0.90 + 1.41
Pearl-DGS 0.54, (0.30-1.17) 0.92 + 1.40
Holladay | 0.60, (0.32-1.20) 092 + 1.35
Kane 0.60, (0.31-1.23) 0.96 + 1.48
Hoffer QST 0.61, (0.32-1.13) 091 + 1.35
Haigis 0.61, (0.28-1.26) 0.96 + 1.43
Castrop 0.61, (0.35-1.12) 0.99 + 1.58
VRF 0.63, (0.29-1.10) 0.94 + 1.39
Naeser 2 0.64, (0.21-1.48) 1.01 £ 1.50
T2 0.66, (0.37-1.03) 092 + 1.32
EVO 2.0 0.66, (0.32-1.19) 0.94 + 1.39
LSF Al 0.66, (0.27-1.21) 0.96 + 1.49
SRK/T 0.71, (0.38-1.15) 093 + 1.33

Notes: *Formulas are ranked according to MedAE values.

Abbreviations: MedAE, median absolute predicted error; MAE, mean absolute predicted
error; IQR, interquartile range; SD, standard deviation; BUIl =Barrett Universal Il; EVO,
Emmetropia Verifying Optical; Hill-RBF, Hill Radial Basis Function; Hoffer QST, Hoffer
Q Savini Taroni; LSF Al, Ladas Super Formula Al; Pearl-DGS, Pearl-Debellemaniére Gatinnel
Saad; SRK/T, Sanders Retzlaff Kraff Theoretical; VRF, Voytsekhivskyy Regression Function.

Performance Indices: Non-Optimized Constants
The SRK/T and T2 formulas showed the highest performance indices (0.246 and 0.245, respectively), followed by VRF-
G and Holladay 1, with an index of 0.244.

Discussion

Due to the physically younger ocular tissues, continued ocular growth, and other related anterior chamber structural
differences, treating a cataract in a child differs from managing one in an adult. Because of both short- and long-term
risks and the required long-term follow-up for effective management of related amblyopia, management can be difficult
for a surgeon both during and after surgery. Additionally, children undergoing general anesthesia for keratometry have
a loss of fixation, which results in inaccurate readings, which will result in relatively substantial refraction errors.*?

Our study investigates the accuracy of sixteen IOL power calculation formulas in children undergoing cataract
extraction surgery. This is the highest number of formulas investigated in one study reported to date, involving traditional
thin-lens formulas and newly developed modern IOL power calculation methods based on paraxial ray tracing or Al
algorithms. Our data show that the Hoffer Q, VRF-G, BUII, and Hill-RBF 3.0 performed better than other formulas
investigated and achieved the lowest APE (MedAEs) with the highest percentage of eyes within + 0.50 D. In addition,
our results demonstrated that the ULIB/IOLCon constants are incompatible with IOL calculations in the pediatric
population. This should be considered by clinicians in their pediatrician surgery, calling for adjustments while performing
constants’ optimization.

Recently, Lin et al analyzed five intraocular lens power formulas in 110 Chinese children’s eyes with a mean age of
37.45+23.28 months and AL 21.16 +1.29 mm."! They showed that Barrett, Kane, and EVO 2.0 formulas were accurate
in children older than 24 months with AL > 21mm, and EVO 2.0 and SRK/T formulas were relatively accurate in
patients younger than 24 months and with AL <21 mm. Although we did not separate our data for age and AL due to
a small number of patients, in our study, the SRK/T formula demonstrated a promising outcome with the lowest SD value
(1.33 D). The SD of EVO 2.0 and Barrett were less predictable (1.39 D and 1.41 D). Based on SD values, the traditional
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Table 4 Heteroscedastic Statistical Analysis by the SD of Prediction Errors

Formula SD* P value

T2 1.32 -

SRK/T 1.33 | 0.967 -

Hoffer Q 1.34 | 0.967 | 0.967 -

Holladay | 1.35 | 0.967 | 0.967 0.967 -

Hoffer QST | 1.35 | 0.967 | 0.967 0.967 0.967 -

Hill-RBF 3.0 | 1.36 | 0.967 | 0.967 0.967 0.967 0.967 -

VRF 1.39 | 0.967 | 0.967 0.967 0.967 0.942 0.967 -

EVO 2.0 1.39 | 0.967 | 0.967 0.967 0.967 0.967 0.967 0.967 -

Pearl-DGS 1.40 | 0.967 | 0.967 0.967 0.967 0.967 0.967 0.967 0.967 -

BUII 1.41 | 0.967 | 0.967 0.967 0.967 0.967 0.967 0.967 0.967 0.967 -

VRF-G 1.42 | 0.967 | 0.967 0.946 0.967 0.967 0.967 0.967 0.967 0.967 0.967 -

Haigis 1.43 | 0.967 | 0.967 0.953 0.967 0.967 0.967 0.967 0.967 0.967 0.967 | 0.967 -

Kane 1.48 | 0.967 | 0.967 0.967 0.967 0.967 0.967 0.967 0.967 0.967 0.967 | 0.967 0.967 -

LSF Al 1.49 | 0.967 | 0.967 0.957 0.967 0.967 0.967 0.967 0.967 0.967 0.967 | 0.967 | 0.967 | 0.967 -

Naeser 2 1.50 | 0.967 | 0.967 0.014” 0.942 0.967 0.405 0.967 0.967 0.967 0.960 | 0.967 0.967 | 0.967 | 0.967 -

Castrop 1.58 | 0.967 | 0.967 0.818 0.967 0.967 0.927 0.967 0.930 0.948 0.967 | 0.967 0.967 | 0.967 | 0.967 0.967 -

T2 SRK/T | Hoffer Q | Holladay | | Hoffer QST | Hill-RBF 3.0 | VRF | EVO 2.0 | Pearl-DGS | BUIl | VRF-G | Haigis | Kane | LSF Al | Naeser 2 | Castrop

Notes: *Formulas are ranked according to SD values. ” = statistically significant difference (P < 0.05). P = calculated probability, adjusted P-value for multiple comparisons (Holm-Bonferroni).

Abbreviations: SD, standard deviation.; BUII, Barrett Universal Il; EVO, Emmetropia Verifying Optical; Hill-RBF, Hill Radial Basis Function; Hoffer QST, Hoffer Q Savini Taroni; LSF Al, Ladas Super Formula Al; Pearl-DGS, Pearl-
Debellemaniére Gatinnel Saad; SRK/T, Sanders Retzlaff Kraff Theoretical; VRF, Voytsekhivskyy Regression Function.
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Figure 2 Mean and median (marked with a horizontal line inside the plot box) predicted error (PE) and absolute predicted error (APE) for 16 intraocular lens calculation formulas.
Plot boxes also show an interquartile range (25% to 75%). A statistically significant difference (heteroscedastic statistical test) was found predominantly between Hoffer Q and
Naeser 2 formulas (p = 0.027). A statistically significant difference with non-optimized constants for the APE was found between the Holladay | vs. Haigis, LSF Al, Kane, and Naeser
2 (p £0.001), Pearl-DGS vs. LSF Al (p = 0.042), SRK/T vs. Haigis, Kane, and LSF Al (p < 0.033), VRF-G vs. Haigis, Kane, LSF Al, and Naeser 2 (p < 0.004).

vergence-based T2, SRK/T, and Hoffer Q formulas demonstrated superiority over modern methods. In our study, the
lowest APE values (MedAE) were achieved by Hoffer Q (0.50 D) and two modern formulas, VRF-G (0.53 D) and Hill-
RBF 3.0 (0.54 D). The authors did not include this method, so we cannot compare it.

A study by An-Nakhli et al of 44 eyes of 29 patients with median age at surgery of 2.85 years demonstrated the
lowest MedAE with the SRK II (1.16 D), SRK/T (1.26 D), and Hoffer Q (1.27 D) formulas, while the highest values
were obtained with the Holladay 2 (1.34 D), Olsen (1.34 D), and Haigis (2.00 D) formulas.** The new Barrett, Olsen, and
Holladay 2 formulas (MedAE 1.28 D, 1.34 D, and 1.34 D) were less accurate than the traditional SRK/T (MedAE 1.26
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D) and Hoffer Q (MedAE 1.27 D). Those findings were in good accordance with our study, in which the Hoffer
Q formula (MedAE 0.50 D) had the lowest absolute error value among the other 15 methods, and the SRK/T formula had
the lowest value of SD (1.33 D).

Kou et al investigated the accuracy of five intraocular lens (IOL) power calculation formulas (SRK/T, Hoffer Q,
Holladay 1, Haigis, and Holladay 2) for 75 patients of 102 pediatric eyes of different ages.’> They found that SRK/T
(APE 1.13 D) and Holladay 1 (APE 1.27 D) formulas were relatively accurate in patients younger than 2 years old, while
the Haigis formula (APE 0.87 D) performed better in patients older than 2 years. They did not analyze the modern
formulas, so we could not compare their data with our findings. In our study, the Hoffer Q (MAE 0.88 D) formula was
more precise than modern and traditional formulas and achieved the highest value of prediction error within +0.50
D (50.5%).

Reitblat et al found a statistically significant difference in the prediction error between Hoffer Q and Haigis formulas
in 62 children’s eyes (p = 0.039).'° Those findings were in good accordance with our study, in which the Hoffer
Q formula (SD 1.34 D) had a statistically significant difference with the Naeser 2 (SD 1.50 D) formula. The Hoffer Q and
BUII formulas provided the lowest MedAE (0.88 D and 0.88 D, respectively), whereas Holladay 1 (0.94 D) and Haigis
(0.98 D) were less predictable. The Kane formula (MedAE 0.91 D) was less accurate than the Hoffer Q formula (MedAE
0.88 D). The results reported by this investigation are in good agreement with ours, as traditional formulas were the most
accurate in children’s eyes.

A study by Rastogi et al investigated the five IOL power formulas in 99 eyes of 70 children 4 to 18 years old.*® The
Hill-RBF 2.0, Barrett Universal II, Hoffer Q, SRK/T, and Holladay 1 formulas were analyzed. The MAEs were 1.08 +
1.00 D for the Hill-RBF, 1.24 + 1.20 D for the Barrett Universal II, 1.25 &+ 1.06 D for the Hoffer Q, 1.25 £ 1.10 D for the
SRK/T, and 1.28 £ 1.01 D for the Holladay 1 formulas. The Hill-RBF formula had the lowest MAE, which was
significantly lower than the Holladay 1 and Hoffer Q formulas. However, the difference in MAE between the Hill-RBF
and the SRK/T and Barrett Universal II formulas was not statistically significant (p > 0.05). The Hill-RBF 2.0 had the
maximum percentage of eyes with residual error within £0.50 D of the target refraction. In our investigation, the Hill-
RBF 3.0 (MedAE 0.54 D) had the third lowest median absolute error value and second MAE (0.88 D) and outperformed
all other formulas except Hoffer Q (MedAE 0.50 D and MAE 0.88 D).

Recently, Elbaz et al compared the Barrett Universal II formula with 4 traditional methods in 66 eyes of 66 children
with a median age at surgery of 6.2 years." Overall, the Barrett had a comparable MedAE to the Hoffer Q, Holladay I,
SRK/T, and Haigis formulas (BUII: 0.49D versus 0.48D, 0.61D, 0.74D and 0.58D respectively; p=0.205). The Hoffer Q,
together with Barrett, produced better predictability within £0.50 D from target refraction compared with the SRK/T
formula (BUII:51.5%, Hoffer Q:51.5% versus SRK/T:31.8%, p=0.002). In our study, Hoffer Q showed a similar result
with the best MedAE (0.50 D) and PE within #£0.50 D (50.5%). The BUII formula was less predictable (MedAE 0.54
D and 48.5%), being more precise than the other 15 methods with VRF-G (MedAE 0.53 D) and Hill-RBF 3.0 (MedAE
0.54 D) as exceptions.

There is no single metric to evaluate the accuracy of formulas. The different values, such as SD, MedAE, MAE, and
percentage of eyes within £0.50 D, were introduced. There is no agreement on what is more appropriate for the
comparison of formula accuracy. The Formula Performance Index (FPI) that was proposed by Haigis calculates the
weighted average of formula estimation.’” According to this methodology, the Hoffer Q and VRF-G formulas exhibited
the highest performance indices (0.256 and 0.251, respectively), followed by Hill-RBF 3.0 and BUII, with an index of
0.248 with optimized lens constants and the SRK/T and T2 formulas showed the highest performance indices (0.246 and
0.245, respectively), followed by VRF-G and Holladay 1, with an index of 0.244 with non-optimized values. With both
groups, the Hoffer Q, VRF-G, Hill-RBF 3.0, and BUII showed promising results and can be advocated for IOL power
calculation in pediatric cataract eyes.

In this study, we have shown a systematic error of sixteen formulas using the optimized and non-optimized constants,
gaining statistical significance with the Hoffer Q and Naeser 2 formulas (HS-test). Our findings demonstrated that the
ULIB/IOLcon or the calculators’ built-in constants are not appropriate for IOL calculations in pediatric cataract surgery,
and this should be considered by surgeons with the implementation of the correction factor for the systematic bias of the
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predicted error. Also, we estimated the formulas with the recommended IOL Formula Performance Index (FPI), along
with the accepted comparison of PE, SD, MedAE, MAE, and other descriptive statistics.

There are some limitations to this study. We did not perform subgroup analyses based on age and axial length due to
the small number of eyes and lack of statistical significance. Some limitations may be due to the age of the child patients
studied; it should be noted that the accuracy of these formulas applies to a specific cohort of patients and may be the
opposite in children of other age groups. Another limitation of this investigation emerges from the fact that we included
both optical (PCI) and ultrasound-based (US) biometry. At the same time, the recently developed methods are optimized
for optical biometry only. Thus, using a combination of both methods may further impact the accuracy.

Nonetheless, the practical implications of using the most accurate formulas in pediatric IOL calculations can lead to
improved visual outcomes and long-term benefits for pediatric patients. It is of note that the variability of the capsular
bag and the continuous change in refractive value in younger age groups bring additional considerations beyond the
formulas themselves.

Finally, our results may only reflect our data set. Another study with a larger sample of pediatric eyes from different
populations is needed to examine the predictive accuracy of current formulas in children undergoing cataract surgery,
especially at younger ages with shorter axial lengths.

Conclusion

To the best of our knowledge, this is the only study that investigated the accuracy of sixteen traditional and newly
developed intraocular lens power calculation methods in pediatric patients. Our study uncovered the performance of the
majority of modern and commonly used clinical practice. This study shows that some of the modern formulas (VRF-G,
Hill-RBF 3.0, and BUII) had better accuracy or were comparable to other investigated methods, except the Hoffer
Q formula, which was found to be the best choice among all formulas. Notable, that the outcomes of the Hoffer Q were
outstanding despite whether optimization of constants was performed or not. Additionally, this formula achieved the
highest percentage of eyes with a predicted refraction within £0.50 D.

In conclusion, the study provides valuable insights into the accuracy of various IOL power calculation formulas in
pediatric patients. However, a more in-depth examination of age-related variability, clinical implications, and study
limitations, along with more specific suggestions for future research, would strengthen the conclusions and allow for
a more comprehensive understanding of the findings.
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