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Purpose: To investigate the relative performance of modern intraocular lens (IOL) power calculation formulas over a wide range of 
biometric parameters.
Patients and Methods: Through the concept of emmetropization there exists a mean keratometry, anterior chamber depth, lens 
thickness, and white-to-white for a given axial length (AL). Using a database of biometric values from 2721 surgery naïve eyes, these 
relationships were modeled and used to create an artificial dataset of 170 eyes with an anatomically realistic distribution of biometric 
parameters. Biometric values for each artificial eye were entered into the ESCRS IOL power calculation website. The emmetropic IOL 
power was calculated for Barrett Universal II, Cooke K6, Kane, PEARL-DGS, HofferQST, EVO v2.0, and Hill-RBF v3.0. Separately, 
emmetropic IOL powers were calculated for the Zeiss AI formula. The disparity between the formulas was evaluated to determine the 
ALs at which they diverged.
Results: For eyes with ALs between 22.5 and 28.1 mm, emmetropic IOL powers and spherical equivalent predictions differed by less 
than 0.25 D. Outside this range, spherical equivalent predictions differed by 0.25 D or more. At ALs < 19.5 mm the difference in 
emmetropic IOL power across the formulas exceeded 1.0 D.
Conclusion: This work helped to identify an implementation error in Pearl-DGS, which was corrected in collaboration with the 
formula’s author. Cataract surgeons should consider that formula choice still has a clinically meaningful impact on refractive outcomes 
in eyes with axial lengths of <22.5 mm and >28.1 mm. We estimate that this may represent more than 10% of the population.

Plain Language Summary: Cataract surgeons use IOL power calculation formulas to determine the optimal lens replacement for 
cataract surgery. These formulas rely on preoperative measurements such as the length of the eye and curvature of the cornea. Several 
modern formulas exist that can calculate IOL power and predict postoperative refraction accurately in eyes with average measurements. The 
purpose of this study was to investigate a broad range of eye measurements and show where these formulas still diverge in their predictions. 
The results of this study show that even modern formulas differ in their power calculations for eyes at extremes and reveal a degree of 
uncertainty for cataract surgeons when deciding the best-powered lens for patients with relatively long or short eyes. 
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Introduction
Intraocular lens (IOL) power calculation formulas have evolved substantially over the past 40 years. The vergence-based 
IOL power calculation formulas of the 1980s and 90s performed well over a narrow range of axial lengths (AL), 
keratometries (K), and anterior chamber depths (ACD), and less well in eyes with eccentric biometric values (long and 
short AL, flat and steep K, etc).1 To manage these limitations, surgeons adopted guidelines that helped them to optimize 
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outcomes for specific situations; for example, HofferQ was best for short eyes, Holladay1/2 for average eyes, and SRK/T 
for long eyes.2 As modern formulas were developed (eg Barrett Universal II, Hill-RBF etc) that worked well over 
a broader range of values, surgeons were able to eschew these rules-of-thumb.

Today, Barrett Universal II is among the most commonly used IOL power calculation formulas because of its high 
predictive accuracy over a broad range of biometric values.1,3–5 However, other formulas have since been introduced, 
most notably, Cooke K6, EVO v2.0, Hill-RBF v3.0, HofferQST, Kane, PEARL-DGS, and Zeiss AI IOL Calculator.6–13 

Although these formulas are expected to perform similarly in eyes with average AL, K, and ACD, it is plausible that they 
might still diverge in their spherical equivalent (SE) predictions with eccentric biometric values. Moreover, because these 
contemporary formulas are unpublished, it is more challenging to compare their relative performance with that of legacy 
formulas. In this study, we examined the relative behavior of eight modern IOL power calculation formulas using 
a synthetic dataset covering the complete medically realistic biometric parameter range.

Methods
Creating the Dataset
Using regression analysis of a larger database of cataract cases, it is possible to determine the representative relationships 
between the given K, ACD, lens thickness (LT), and AL values. Our intention was to elucidate these relationships and use 
them to create a dataset of artificial eyes covering the complete range of medically realistic ALs and other corresponding 
biometric parameters. To that end, the Zeiss’ Veracity database was queried for arrays of real eye biometrics measured 
preoperatively by one of two optical biometers (IOLMaster 700, Carl Zeiss Meditec AG, Jena, Germany or Lenstar LS 900, 
Haag-Streit AG, 3098 Köniz, Switzerland) between 04/20/2022 and 09/27/2023. Measurements had to be “Successful” based 
on the devices’ internal metrics and without AL or K quality assurance warnings. The inclusion criteria required eyes to have 
a postoperative best-corrected visual acuity (BCVA) of 20/40 or better. This reduces the likelihood of comorbid conditions or 
prior surgeries that might affect the refractive outcome and nullify biological emmetropization (eg, no history of laser vision 
correction, congenital glaucoma, keratoconus, pseudophakia, amblyopia, strabismus, pellucid marginal degeneration, retino
pathy of prematurity, etc).14–16 Since these data were fully anonymized, the study was not considered human subjects research, 
and was deemed exempt by the Penn State College of Medicine Institutional Review Board.

Linear regressions were elucidated for ACD, LT, flat (Kmin) and steep (Kmax) keratometry, central corneal thickness 
(CCT), and white-to-white (WTW) as function of AL. This resulted in regression equations for each parameter. The 
resultant data clouds with the regression lines are shown in Figure 1.

An array of AL values ranging from 18.0 to 35.0 mm in 0.1 mm steps was constructed to cover the broad range of 
potential values. Using the regression coefficients, Kmin, Kmax, ACD, LT, WTW, and CCT were calculated for each 
corresponding AL. Therefore, the parameter values of this synthetic dataset were linearly correlated with AL and 
followed the trends provided by the real dataset. This resulted in the parameter coverage listed in Table 1.

The synthetic dataset was created in this manner to fulfill the two necessary requirements for our analysis.

1. It should reflect the general linear dependencies between the different biometric parameters using AL as 
a reference to allow for an assessment of formula behavior across a broad range of medically realistic eyes. 
This was ensured by modifying all the parameter values across the synthetic dataset.

2. It should provide regular increments for all parameters to enable the identification of formula-specific trends 
which would be lost in statistical variations of arbitrary parameter value combinations or complex fitting models. 
This was achieved via a strict linear dependency in the fitting process.

Calculations and Formula Selection
The array of artificial biometric values was entered into the European Society of Cataract and Refractive Surgery (ESCRS) 
IOL calculator (https://iolcalculator.escrs.org) between 01/25/2024 and 03/22/2024, which allowed us to simultaneously 
calculate IOL power and expected postoperative SEs for seven modern IOL formulas.17 To keep powers and outcomes 
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consistent, we utilized a K-index of 1.3375 and the website’s pre-specified lens constants for each formula corresponding to 
the Alcon Clareon SY60WF, and assumed the left eye of a 70-year-old female.

The seven formulas for which calculations were performed using the ESCRS IOL calculator were as follows: Barrett 
Universal II (BU2),5 Cooke K6 (K6),6 Emmetropia Verifying Optical Formula (EVO v2.0),7 Hill Radial Basis Function (Hill- 
RBF v3.0),9 HofferQST,8 Kane,10 and Pearl-DGS.11 Some formulas have internal constraints, wherein they do not produce 
a result for highly eccentric biometric values. EVO v2.0, Kane, and Pearl-DGS did not accept ACD values ≥ 5.00 mm, which 
corresponded to ALs 34.8–35.0 mm. Furthermore, Pearl-DGS would not output IOL powers ≥ 34.0 D. Hill-RBF v3.0 would 
not accept AL ≤ 19.0 mm. The BU2 and HofferQST formulas accept 170 sets of data spanning the entire data range.

Using the same array of artificial biometric values, K-index, age, gender, and IOL model, IOL powers and predicted 
postoperative SEs were separately calculated for the Zeiss AI IOL Calculator (ZAIC) by authors H.B., L.L., and R.S. 
Given the internal parameter constraints, ZAIC provided results for ALs from 19.5 mm to 31.8 mm.

Figure 1 Synthetic biometric data (Orange) for anterior chamber depth (A), lens thickness (B), flat Kmin (C), steep Kmax (D), central cornea thickness (E), and white-to- 
white (F) was derived by linear regression of true eye measurements (blue) relative to axial length.

Table 1 Biometry Ranges for Dataset of Real Eyes and Dataset 
of Synthetic Eyes

Parameter Syn. Min. Syn. Max. Real Min. Real Max.

AL 18.0 mm 35.0 mm 20.79 mm 30.62 mm

Kmax 7.03 mm 8.54 mm 6.70 mm 8.59 mm

Kmin 7.11 mm 8.79 mm 6.91 mm 9.07 mm

CCT 0.54 mm 0.58 mm 0.41 mm 0.67 mm

ACD 2.00 mm 5.03 mm 2.00 mm 4.36 mm

LT 3.84 mm 5.15 mm 3.25 mm 5.70 mm

WTW 10.99 mm 13.71 mm 9.88 mm 13.75 mm

Abbreviations: Syn Min, synthetic dataset minimum; Syn Max, synthetic dataset 
maximum; Real Min, real dataset minimum; Real Max, real dataset maximum; AL, axial 
length; Kmax, steep keratometry; Kmin, flat keratometry; CCT, central corneal 
thickness; ACD, anterior chamber depth; LT, lens thickness; WTW, white-to-white.
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Analysis
For the eight formulas described above, the IOL powers and corresponding predicted postoperative SEs between 0.0 and 
−0.5 D were recorded. Through extrapolation, the IOL power required to achieve exact emmetropia (0.00 D) was 
calculated for each artificial eye and formula.

Next, for each synthetic data point and formula, the change in IOL power corresponding to a 0.25 and 0.5 D change in 
predicted postoperative SE was calculated. For example, for the BU2 formula, 0.3378 D and 0.3906 D changes in IOL 
power were required to invoke 0.25 D changes in the predicted postoperative SE for eyes with an AL of 22.0 and 
28.0 mm, respectively. To show the data points for which the formulas diverged in a clinically meaningful way, the 
median (across all eight formulas) change in IOL power required to invoke a 0.25 D, 0.5 D, and 1.0 D change in 
predicted postoperative SE was plotted, as was the difference between the strongest and weakest IOL powers targeting 
emmetropia, across all eight formulas.

Results
From an initial dataset of 7292 eyes, 2721 eyes met the inclusion criteria for regression derivation. The resultant 
regression equations and R2 values for each parameter are presented in Table 2. ACD, WTW, Kmin, and Kmax were 
most strongly correlated with AL, and there was no meaningful correlation between LT and AL or CCT and AL.

Figure 2 shows the predicted IOL powers required for an emmetropic outcome for each formula, plotted as a function of 
AL (A). Figures 2B and C highlight the relative behavior of formulas at the extremes of AL below 21.0 and above 28.0 D, 
respectively. The eight formulas perform similarly and predict congruent emmetropic IOL powers in the central area of the 
synthetic dataset. The formulas diverge at extreme values in both directions. For short eyes, the BU2 and Pearl-DGS formulas 
predicted the most myopic (strongest emmetropic IOL power) outcomes, and Hill-RBF v3.0 and HofferQST predicted the 
most hyperopic (weakest emmetropic IOL power) outcomes. At ALs of 21.0, 20.0, and 19.0 mm, the eight formulas had 
a spread of 0.60 D, 0.91 D, and 1.97 D, respectively, with regard to emmetropic IOL power. For long eyes, ZAIC and 
HofferQST predicted the most myopic outcomes, whereas the Cooke K6 formula predicted the most hyperopic outcomes. At 
ALs of 28.0, 30.0, and 32.0 mm, the formulas had a spread of 0.36 D, 0.40 D, and 0.61 D, respectively, with regard to 
emmetropic IOL power. Although the results were plotted as a function of AL to be visualized in 2D graphs, all biometric 
parameters were propagated according to their correlation with AL through a medically realistic range.

Figure 3 helps elucidate when the formula choice might have a clinically meaningful impact. The difference between 
the strongest and weakest emmetropic IOL powers (across all eight formulas) is shown in blue. Also shown is the median 
change in IOL power required to induce a 0.25 (yellow), 0.5 (orange), and 1.0 D (red) change in predicted SE. Between 
ALs of 22.5 and 28.0 mm, all eight formulas calculate emmetropic IOL powers within 0.4 D and predicted postoperative 
SEs within 0.25 D of each other. In other words, formula choice is unlikely to have a clinically meaningful impact over 

Table 2 Linear Regression Equations and Coefficients of 
Determination for Various Biometric Parameters as 
a Function of Axial Length

Parameter (mm) Regression Equation R2

Kmax Kmax ¼ 0:093� ALþ 5:527 0.159

Kmin Kmin ¼ 0:084� ALþ 5:596 0.135

CCT CCT ¼ 0:002� ALþ 0:511 0.003

ACD ACD ¼ 0:168� AL � 0:863 0.249

LT LT ¼ � 0:073� ALþ 6:401 0.034

WTW WTW ¼ 0:151� ALþ 8:422 0.172

Abbreviations: R2, coefficient of determination; AL, axial length; Kmax, 
steep keratometry; Kmin, flat keratometry; CCT, central corneal thickness; 
ACD, anterior chamber depth; LT, lens thickness; WTW, white-to-white.
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Figure 2 Predicted emmetropic IOL powers for eight modern IOL power calculation formulas over a range of axial lengths from 18.0–35.0 mm (A). Barrett Universal II 
(red), Cooke K6 (yellow), EVO v2.0 (light green), Hill-RBF v3.0 (dark green), HofferQST (light blue), Kane (dark blue), PEARL-DGS (purple), and Zeiss AI (Orange) are 
shown in greater detail at short axial lengths from 18.0 −21.0 mm (B) and long axial lengths from 28.0–35.0 mm (C).
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this range. However, for ALs ≤ 22.4 mm or ≥ 28.1 mm, emmetropic IOL powers diverge enough to result in more than 
a 0.25 D difference in predicted SE. In a separate database of eye biometrics of 10,793 patients (Penn State College of 
Medicine, Hershey, PA, USA), this represented 10.99% of the eyes. For ALs ≤ 20.1 or ≥ 32.9 mm, emmetropic IOL 
powers diverge enough to result in a difference of more than 0.5 D in the predicted SE. For AL ≤ 19.4 mm, emmetropic 
IOL powers diverge enough to result in more than 1.0 D difference in predicted SE. At 18.0 and 35.0 mm, emmetropic 
IOL powers diverge by 3.50 and 1.60 D, respectively.

Supplemental Figure 1 is included as ancillary results because of its significance in the evolution of this project and our 
field. This figure is similar to Figure 2, except that 1) a different real eye dataset was used to develop the regressions, and 2) 
emmetropic IOL powers and predicted postoperative SEs span ALs from 17.0 mm to 35.0 mm and were obtained from the 
ESCRS calculator between 05/10/2023 and 05/27/2023 (before the aforementioned). In this earlier version of the analysis, 
the Pearl-DGS formula diverged significantly from all other formulas as the AL increased. These results were presented at 
the IOL Power Club meeting in Palm Springs, CA, in November 2023 and discussed with Dr. Guillaume Debellemanière. 
This prompted the identification of a sign error in the implementation of the Pearl-DGS formula (personal communication, 
December 4, 2023), which was promptly corrected. After this correction, the calculations were repeated and the divergence 
was resolved (as shown in the present study). In essence, this analysis served as a litmus test for formula validity. Therefore, 
readers should consider that IOL power calculations using the ESCRS IOL Calculator and Pearl-DGS formula performed 
prior to December 2023 may have been susceptible to this error.

Figure 3 Largest difference between formulas’ predicted emmetropic IOL powers versus axial length (blue). Also shown is the median change in IOL power required to 
induce a 0.25 (yellow), 0.5 (Orange), and 1.0 D (red) change in predicted spherical equivalent.

https://doi.org/10.2147/OPTH.S529208                                                                                                                                                                                                                                                                                                                                                                                                                                                                         Clinical Ophthalmology 2025:19 2042

Rossip et al                                                                                                                                                                          

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com/article/supplementary_file/529208/529208%20Revised%20Supplementary%20Figure%201.docx


Discussion
The present study confirms what we already know about modern IOL power calculation formulas: they perform more 
similarly over a broader range of parameter values than the legacy formulas of the 20th century. At the same time, our 
work adds to the existing body of literature by giving us a glimpse of how different these formulas are from one another 
at parameter value extremes. Given the paucity of data on real eyes with extremely short and long ALs, it was difficult to 
determine the relative performance and overall accuracy of these formulas in these subpopulations. As a starting point, 
the present study provides information about formulas that are likely to produce more myopic (stronger powered IOLs) 
and hyperopic (weaker powered IOLs) outcomes. When ALs are less than 22.5 mm or greater than 28.0 mm, we suggest 
that an average of several modern formulas may still be the best strategy.

Although the present study does not allow us to compare the accuracy of modern IOL power calculation formulas, it sheds 
light on how formulas have evolved and converged relative to legacy formulas such as HofferQ, Holladay1/2, and SRK/T. For 
example, in the 2018 landmark paper by Melles et al, they found that legacy formulas diverged in their predicted postoperative 
SE by more than 0.5 D for ALs < 21.0 mm and > 27.0 mm.1 In the present study, with modern formulas, this magnitude of 
divergence did not occur until ALs were < 20.4 mm or > 32.6 mm. If we accept that formula agreement and convergence are 
correlated with accuracy, we may have greater confidence when operating over this AL range.

The implications of this study for the patient are several-fold. First, the information herein may be used by surgeons 
to inform patients that have eccentric biometric values of a less predictable refractive outcome. Second, where the 
formulas diverge and there are limited data to inform proper formula choice, the results of this study can be used to target 
a more myopic / hyperopic outcome depending on the goal. For example, if a pathologic hyperope with an AL of 20 mm 
seeks cataract surgery and the surgeon wishes to maximize the chance of a myopic outcome, this would be most likely to 
occur if Pearl-DGS or BU2 were used. Likewise, if a surgeon wishes to minimize the chance of a hyperopic outcome in 
a pathologic myope with an AL of 34 mm, ZAIC or HofferQST would be most likely to succeed in that goal.

One strength of this study lies in the uniform parameters used across IOL formulas. This includes comparing the 
behavior of the formulas for a single IOL model, the Alcon Clareon SY60WF IOL, using each formula’s respective 
version of this IOL model. It is known that there can be changes in IOL behavior and power prediction accuracy along 
the power spectrum and that some formulas are better at adapting to the individual specifics of an IOL than others. 
Therefore, it can be assumed that IOL-specific formulas, such as Zeiss AI, might show stronger differences in behavior 
than other formulas optimized via the A-constant.

This study is not without limitations. First, the Zeiss Veracity database does not contain detailed clinical histories of 
all the eyes contained within. As such, it is plausible that some eyes with previous ocular surgery (eg, scleral buckle) or 
comorbid conditions (eg, keratoconus) were included in the data clouds used to derive the linear regressions. This could 
have resulted in some unusual combinations of values, which might have impacted the linear regressions in minor ways. 
To improve this, eyes with BCVA > 20/40 were excluded, increasing our confidence in the internal validity of the dataset. 
Second, the dataset of real eyes from which the linear regressions were developed did not contain biometrics with ALs < 
19.5 mm or > 31.8 mm. Thus, extrapolations above and below these marks might not accurately correlate with real eyes 
at these AL extremes. Third, we created a synthetic dataset based on the linear dependency of all biometric parameters 
from AL. Therefore, although this dataset allows the analysis of the formula behavior across a broader range of parameter 
values, not all parameters show extreme values or unusual combinations in the covered interval. As described above, this 
was a deliberate design choice to enable a clear depiction of the formula trends. Finally, the results do not enable one to 
conclude which formulas are better or more accurate for a given eye biometry; rather, they show relative agreement or 
disagreement. For physicians, the results shed light on the biometric values for which the formula choice still matters. For 
researchers and formula creators, the results illustrate the need for refinement among eyes with eccentric values.

It is worth mentioning, perhaps as another limitation, that the present study represents a snapshot in time of relative 
formula performance. Formula creators are constantly updating their formulas and formula version numbers are not 
always prominently displayed or disclosed. In fact, as discussed above, the results from this study impacted the 
implementation of Pearl-DGS for axial myopes, but did not result in a new formula name or version number. It is 
plausible that even at the time of publication, the formulas mentioned above evolved in minor ways. Future work might 
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include repeating this analysis with additional formulas (eg, Castrop, Oculix), or with respect to mean K or ACD, or in 
other special populations (eg, post-laser vision correction or keratoconus).

Conclusion
While modern IOL power calculation formulas behave similarly over normal eye biometric measurements, even today 
these formulas diverge with eccentric measurements. We recommend that cataract surgeons be cautious with formula 
selection for extreme eye measurements and consider the average prediction of multiple IOL power calculation formulas. 
These extreme eyes represent a clinically significant proportion of the population, and the formulas’ postoperative 
predicted SE can vary as much as 1.0 D in these eyes. There remains a need for further research in IOL power calculation 
formulas for eyes with AL < 21.0 mm and > 27.0 mm.
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