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Background: Keratoconus (KCN) alters corneal curvature, complicating intraocular lens (IOL) power calculations for cataract
surgery and increasing the risk of refractive errors. Traditional IOL formulas, designed for normal corneas, often yield suboptimal
results, necessitating the evaluation of keratoconus-specific formulas.

Objective: This study compares the predictive accuracy of IOL power calculation formulas in KCN patients undergoing cataract
surgery, focusing on mean prediction error (MPE), mean absolute error (MAE), and the proportion of eyes achieving refractions within
+0.50 D and £1.00 D.

Methods: A systematic search of MEDLINE, Embase, and Cochrane databases identified seven studies (530 eyes). A Bayesian
network meta-analysis (NMA) ranked formulas, including Barrett True-K (measured/predicted), Kane Keratoconus, Barrett Universal
II, SRK/T, Holladay 1 and 2, Haigis, Higgins, and Hoffer Q. Subgroup analyses classified KCN severity using Amsler-Krumeich
criteria.

Results: Barrett True-K Measured and Kane Keratoconus demonstrated the highest predictive accuracy and consistently ranked
among the best-performing formulas overall. Barrett True-K Predicted showed favorable performance in mild keratoconus, whereas
SRK/T performed comparatively well in moderate disease. Conventional formulas, particularly Hoffer Q and Holladay formulas,
showed lower predictive accuracy, especially in more advanced keratoconus. Overall, Barrett True-K and Kane Keratoconus achieved
the highest proportions of eyes within £0.50 D and +1.00 D of target refraction.

Conclusion: Barrett True-K and Kane Keratoconus demonstrated superior accuracy, while traditional formulas underperformed,
especially in severe KCN. Keratoconus-specific formulas should be prioritized. The ranking probabilities of the including formulas are
exploratory and should be interpreted cautiously due to limited and heterogeneous data. Future research should include larger sample
sizes and standardized biometry for improved clinical decision-making.
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Introduction

Keratoconus (KCN) is a bilateral, progressive condition characterized by thinning and bulging of the cornea, leading to
blurred vision due to irregular astigmatism.' It is the most common cause of primary ectasia.” A recent meta-analysis by
Hashemiet al estimated the global prevalence of keratoconus to be approximately 1.38 per 1000 population according to
studies published up to 2018.> The exact cause of keratoconus remains unclear. Factors such as oxidative stress from UV

https://doi.org/10.2147/OPTH.S590465 Clinical Ophthalmology 2026:20 590465 |
Received: 2 Janu_ary 2026 © 2026 Aljahdali et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.
Accepted: 21 April 2026 AT Php and incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http:/creativecommons.org/licenses/by-nc/4.0/). By accessing the

Published: 21 May 2026 work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://orcid.org/0000-0002-7665-9210
http://orcid.org/0000-0003-2522-9234
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Aljahdali et al

light exposure or frequent eye rubbing are believed to contribute, while a significant genetic component may predispose
certain individuals to these environmental influences.* Halting disease progression and improving visual quality remain
key challenges in the management of keratoconus. Significant progress has been achieved in slowing disease progression
with the introduction of corneal crosslinking (CXL). Strategies to improve visual quality include the use of contact
lenses, refractive surgery, corneal implants, corneal transplants, and lens exchange surgery.’

A certain proportion of KCN patients will develop cataracts, sometimes at a younger age than the general population.
Their increased risk is linked to atopy and the use of certain medications. As they age, cataracts become a more likely
cause of their reduced vision.”® Consequently, several challenges arise when performing cataract extraction in patients
with keratoconus, particularly regarding intraocular lens (IOL) power calculation. IOL calculation formulas rely heavily
on keratometric values, making accurate measurement of the mean corneal power essential. However, most commonly
used formulas were developed using data from eyes with normal corneal geometry and regular optics, which limits their
reliability in keratoconus. Furthermore, corneal power measurements in keratoconus may vary depending on the
measurement technique and imaging modality used, such as Scheimpflug tomography, corneal topography, or optical
biometers. This variability in keratometric assessment can further complicate IOL power prediction.

Formulas such as Hoffer Q, Holladay I, and SRK/T estimate the effective lens position (ELP) indirectly. In eyes with
longer axial lengths (AL) and steep K values, which typically have a deeper anterior chamber, the IOL is predicted to be
positioned more posteriorly. This posterior positioning can lead to a hyperopic shift following surgery when these
formulas are used in patients with keratoconus.’ In addition, the severity of keratoconus plays an important role in
refractive predictability. As the disease progresses, increasing corneal irregularity and posterior corneal curvature can
further reduce the accuracy of conventional IOL power calculation formulas.

Fourth-generation formulas are theoretically considered an improvement over earlier formulas for calculating IOL
power, particularly in eyes with atypical anatomy. Examples include Holladay II, Haigis, Olsen, and Barrett formulas.
The incorporation of additional biometric variables in these formulas may improve estimation of the effective lens
position and overall refractive accuracy.®® More recently, keratoconus-specific formulas such as the Kane Keratoconus
and Barrett True-K Keratoconus (BTK) formulas have been developed to enhance prediction accuracy in keratoconic
eyes.”'® Given the increasing number of available formulas and the variability in their reported performance,
a comprehensive comparative evaluation is necessary. Network meta-analysis allows simultaneous comparison of
multiple formulas by integrating both direct and indirect evidence across studies, enabling a more comprehensive
assessment of their relative predictive accuracy. It is also important to acknowledge that indirect comparisons in
keratoconus populations are subject to inherent limitations, including heterogeneity in disease severity, differences in
biometric platforms, and variations in study design, which may influence the interpretation of the findings.

Therefore, this systematic review and network meta-analysis aims to compare and comprehensively evaluate the
predictive accuracy of various IOL power calculation formulas in patients with keratoconus undergoing cataract surgery.

Methods

This study was registered in the PROSPERO database (CRD42023489033) prior to the preliminary search and was
conducted in accordance with the Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA)
guidelines.''"'* Ethical approval was not required, as all data included in this study were previously published. All data is
available within this article.

Eligibility Criteria

This systematic review and network meta-analysis included studies evaluating intraocular lens (IOL) power calculation
formulas in keratoconus patients undergoing cataract surgery. Eligible studies assessed the predictive accuracy of IOL
formulas using postoperative refractive outcomes, including mean prediction error (MPE), mean absolute error (MAE),
median absolute error (MedAE), and prediction error (PE) within +£0.50 D and +1.00 D. Studies were required to report
preoperative biometry data and include a comparison of at least two IOL formulas. Both prospective and retrospective
studies were considered, while studies involving patients with prior corneal or intraocular surgery, ocular trauma, or
capsular rupture during cataract surgery were excluded.
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Search Strategy

We systematically searched the MEDLINE (Ovid), Embase, and Cochrane Central Register of Controlled Trials
(CENTRAL) databases from their inception until May 17, 2024, without restrictions on language or publication date.
The search strategy included keywords and controlled vocabulary related to “keratoconus” OR “conical cornea” OR
“KC” AND “intraocular lens” OR “IOL power calculation” OR “lens implantation” AND “formula” OR “prediction
error” OR “refractive outcome”. Boolean operators were used to refine the results, ensuring the inclusion of studies
comparing at least two IOL formulas in keratoconus patients. Additionally, the reference lists of relevant systematic
reviews and included studies were manually screened to identify any additional eligible articles.

Study Selection and Data Extraction
After removing duplicates, two authors independently screened the titles, abstracts, and full texts to identify studies
meeting the inclusion criteria. Any disagreements were resolved through discussion or consultation with a third reviewer.
Data extraction was conducted using a predefined Excel spreadsheet, collecting information on study characteristics,
design, sample size, inclusion and exclusion criteria, participant demographics, baseline characteristics, biometry and
IOL calculation details, as well as postoperative refractive outcomes, including predictive accuracy and error
measurements.

For outcomes not explicitly reported in the included studies, statistical calculations were performed to derive the
necessary data. These calculations followed established statistical methods and were verified by a professional statistician
to ensure accuracy and consistency. All extracted and calculated data underwent a double-checking process by the

reviewers to maintain data integrity.

Study Outcomes

This systematic review analyzed key refractive outcomes, including mean prediction error (MPE), mean absolute error
(MAE), and prediction error (PE) within £0.50 D and +£1.00 D. Table 1 presents detailed data on the number of patients
assessed for each outcome and the intraocular lens (IOL) formulas evaluated. Additionally, a systematic review was
conducted to examine MPE, MAE, median absolute error (MedAE), and PE within £0.50 D and +1.00 D, stratified by
keratoconus severity. This analysis incorporated all seven included studies, offering a comprehensive assessment of how

keratoconus severity influences postoperative refractive accuracy.”'*'°

Table | Included Formulas with the Number of Eyes in Each Outcome

Formula Eyes (n) | MPE | MAE | MedAE | PE Within £ 0.50 | PE Within £ 1.00

Total 530 450 212 530 377 377

SRK/T 530 450 212 268 377 377

SRK I 125 102 87 23 102 0

Barret Universal Il 435 348 87 98 275 128

Barret True-K-predicted 87 87 87 57 87 87

Barret True-K-measured 87 87 87 57 189 189

Kane 321 87 87 57 234 234

Kane keratoconus 321 87 87 57 234 234
(Continued)
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Table | (Continued).

Formula Eyes (n) | MPE | MAE | MedAE | PE Within £ 0.50 | PE Within £ 1.00
Holladay | 473 216 125 272 290 290
Holladay 2 (original) 220 175 102 272 249 249
Holladay 2 (Keratoconus adjusted) 147 0 0 0 147 147
Hingis 450 363 102 450 188 188
Hoffer Q 473 41 125 211 290 290

Risk of Bias and Quality Assessment
Two reviewers independently assessed the risk of bias in all included studies using the Quality Assessment of Diagnostic
Accuracy Studies 2 (QUADAS-2) tool. Any discrepancies in judgment were resolved through discussion and

consensus. 11,13

Statistical Analysis

A network meta-analysis (NMA) was performed to compare the accuracy of intraocular lens (IOL) power calculation
formulas in keratoconus patients undergoing cataract surgery, integrating both direct and indirect evidence using
a Bayesian random-effects model. The surface under the cumulative ranking curve (SUCRA) was calculated for each
formula across all primary and secondary outcomes to determine ranking probabilities. SUCRA values ranged from 0%
(least accurate) to 100% (most accurate), with higher values indicating a greater likelihood of a formula being the most
precise for a given outcome.

For each outcome, mean differences (MD) with 95% credible intervals (Crl) were calculated for continuous data to
assess formula performance. A leave-one-out sensitivity analysis was conducted to evaluate the robustness of the results
by systematically excluding each study and reassessing the effect on the pooled estimates. Subgroup analysis was also
performed based on keratoconus severity, following the Amsler-Krumeich classification, which categorizes the condition
into mild (mean K < 48 D), moderate (mean K = 48-53 D), and severe (mean K > 53 D) groups. In cases where different
classification systems were used, eyes were reclassified into the closest corresponding Amsler-Krumeich category based
on reported keratometry values. All statistical analyses were conducted using Metalnsight v6.2.1, which operates through
the “netmeta” package in R statistical software (R Foundation for Statistical Computing).

Results

Search Result and Study Selection

The initial database search using the specified keywords yielded a total of 741 articles. After removing duplicates, the
number of articles was reduced to 526. Following the title and abstract screening, 13 studies were selected for further
evaluation through full-text screening. Two of these studies were initially included, with an additional five studies
identified through citation screening of the included articles. Ultimately, a total of seven studies were included in the
network meta-analysis, as illustrated in Figure 1.

Risk of Bias of the Included Studies

The assessment revealed low risk in patient selection, index test, and reference standard domains across all studies.
However, unclear risk was noted in the flow and timing domain for six studies due to short or inconsistent follow-
up periods.”'*'? One study also had unclear risk in patient selection due to incomplete inclusion/exclusion
criteria.'> One study was the only one rated low risk across all domains.'® Despite these variations, all studies
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Figure | Flow chart for screening and selection of the included studies.
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Proportion of studies with low, high or unclear risk of bias

Figure 2 Risk of bias assessment of the included trials based on .

used postoperative refraction as a valid reference standard. The detailed risk of bias assessment is summarized in

Figure 2.
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Study Baseline Characteristics

Seven studies, comprising a total of 530 eyes, were included to assess the predictive accuracy of intraocular lens (IOL) power
calculation formulas in keratoconus patients undergoing cataract surgery. The detailed characteristics of these studies are
summarized in Table 2 and Table 3. The age of participants ranged from 59 to 66.5 years. Most studies included patients with
mild to severe keratoconus, while two studies focused specifically on patients with stable keratoconus.'*!”

A variety of IOLs were used across the studies. One study reported the use of toric IOLs, such as AcrySof Toric.'*
Another predominantly utilized nontoric monofocal IOLs.'® In contrast, five studies reported the use of various
monofocal IOLs.%!-16-18:19
The Pentacam system was utilized in four studies.'*'”"' Optical biometers such as IOLMaster 500/700 were

employed in five studies.”'>'®'®!” Additionally, Placido-disk-based topography was specifically used in four

studies.

9,

15,16,18

Phacoemulsification techniques were generally consistent across the studies, with clear corneal incisions ranging

between 2.2 to 2.75 mm. Standard phacoemulsification was explicitly reported in four studies.”'*'>'® Another study

described clear corneal incisions without further procedural details.'®

Table 2 Included Studies Summary

Included Studies Summary
Study Year Setting Sample | Formulas Evaluated Objective Key Findings
Size
Hashemi | 2015 Noor Eye 23 eyes | SRK/T, SRK I, Hoffer Q, To evaluate the Keratometry using SRK/T formula
etal' Hospital, Holladay | accuracy of toric IOLs | had the lowest error, especially in
Iran in keratoconus mild and moderate keratoconus.
cataract surgery
Savini 2018 | Italyand San | 4l eyes | Barrett Universal I, Haigis, To assess refractive SRK/T formula showed the lowest
etal® Marino Hoffer Q, Holladay I, SRK/T accuracy of five IOL median absolute error (MedAE) in
formulas in mild keratoconus.
keratoconus
Kamiya 2018 Japan 102 eyes | SRK/T, Haigis, Hoffer Q, Holladay | | To assess the Accuracy was higher in mild
etal'® predictability of IOL keratoconus; advanced stages
power calculations in | showed significant hyperopic
keratoconus errors.
Wang 2019 | Wilmer Eye | 73 eyes | SRK/T, SRK II, Haigis, Hoffer Q, | To evaluate the SRK/T and Pentacam-derived values
etal'’ Institute, Holladay |, Holladay 2, Barrett accuracy of various improved predictions, especially in
USA Universal Il IOL formulas for severe keratoconus.
keratoconus
Michael 2023 USA (two 87 eyes | Barrett Universal Il (KCN- To compare Newer KCN-specific formulas
T etal' academic specific), Kane (KCN-specific), keratometry and total | performed better in all stages of
centers) EVO 2.0, Haigis, Hoffer Q, keratometry for IOL | keratoconus.
Holladay |, SRK/T calculations
Magali M. | 2023 Israel and 57 eyes | Barrett True-K, Barrett Universal | To compare Barrett True-K formulas showed
S.etal’ Netherlands I, Kane, Kane for Keratoconus, prediction accuracy of | superior accuracy compared to
SRK/T Barrett True-K and Kane and standard formulas.
other formulas
Jack 2022 Australia 147 eyes | Kane, Kane Keratoconus, Barrett | To assess the Kane Keratoconus formula showed
X. Kane Universal 1, SRK/T, Hoffer Q, accuracy of modified the lowest mean absolute error
et al?® Haigis, Holladay I, Holladay 2 IOL formulas for (MAE), outperforming standard
keratoconus formulas.
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Table 3 Studies Basic Characteristics

Studies Basic Characteristics
Study n (Eyes) | n (Patients) Female Age Patient Axial Implanted Pentacam Phacoemulsification Pre-Surgery Keratometry Tomography/ I0Ls 1oL
(n, %) (Mean Characteristics Length IOL Data or Details Measurements Taken Device Topography Constants
+ SD, (mm) Biometry Device
Range) Used
Hashemi 23 17 11, 64% 59 Non-progressive N/A AcrySof Toric Pentacam Standard phaco; 2.2 mm Axial length, keratometry IOLMaster, Pentacam AcrySof SRK/T, SRK
etal 12.80 keratoconus; 10Ls (Equivalent incision; AcrySof toric (manual, topography, EyeSys 3000, Toric Il, Hoffer Q
clear cornea K, refractive IOLs Pentacam), corneal Pentacam,
map) astigmatism, manifest Manual
refraction Keratometry
Savini 41 41 15, 37% 66.50 = Mild to severe 25.12 = Various |OLMaster Temporal clear corneal Axial length, anterior Optical Placido-Disk Monofocal Optimized
etal' 7.80 keratoconus; no 245 monofocal 500/700, incision (2.2-2.75 mm) chamber depth (ACD), Biometry Corneal uULIB
prior ocular I0Ls AL-Scan, keratometry, subjective (IOLMaster Topography
surgery or Aladdin refraction, corneal 500/700, AL-
trauma biometers topography Scan, Aladdin)
Kamiya 102 71 38, 54% 6l + Mild to severe N/A Monofocal IOLMaster Temporal phaco; Axial length, spherical Optical Placido-Disk Monofocal Optimized
etal'® 11.10 keratoconus; I0Ls 500/700 monofocal IOLs equivalent, keratometry, Biometry Topography uLiB
surgeries corneal power, anterior (IOLMaster
uneventful chamber depth, manifest 500/700)
refraction
Wang 73 N/A N/A 65 + Stable 2493 Nontoric |OLMaster Clear corneal incision; Axial length, keratometry, Optical Pentacam Nontoric Optimized
etal'” 11.10 keratoconus; no 1.51 Monofocal 500/700, nontoric monofocal Pentacam-derived corneal Biometry Monofocal ULIB
prior corneal I0Ls Lenstar I0Ls power, manifest refraction (IOLMaster
surgeries 900, 500/700,
Pentacam Lenstar 900)
Michael 87 67 43, 65.99 = Mild to severe 248l = Various |OLs IOLMaster 2.2-2.75 mm incision; Axial length, total Swept-Source Placido-Disk Monofocal Optimized
T etal® 49.40% 9.04 keratoconus 1.63 including 700 with standard phaco keratometry, anterior OoCT Topography uLiB
Barrett swept- chamber depth, pachymetry, (IOLMaster
Universal Il source lens thickness, white-to- 700)
OoCT white corneal diameter
(Continued)
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Table 3 (Continued).

Magali M. 57 57 N/A 64.80 + Stable 2473 Monofocal |OLMaster Temporal or superior Axial length, anterior Optical Pentacam Monofocal Optimized
S. etal' 9.10 keratoconus; 1.65 IOLs 500/700, clear corneal incision chamber depth, central Biometry ULIB
CDVA = 20/40 Pentacam corneal thickness, (IOLMaster
keratometry, Pentacam- 500/700)
derived posterior corneal
power
Jack 147 147 78, 69 £ Mild to advanced 2438 Kane |OLMaster Standard phaco Axial length, steep and flat Optical Placido-Disk Monofocal Optimized
X. Kane 53.40% 46.60 keratoconus; 1.85 Keratoconus, 500/700 keratometry, anterior Biometry Topography uLIB
et a®® axial length: SRK/T, others chamber depth, manifest (IOLMaster
2438 + 1.85 refraction 500/700)
(20.5-31.8)
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Bayesian Network Meta-Analysis

Figure 3 presents the network plots, visually depicting the original comparisons between the intraocular lens (IOL)
formulas evaluated across the included studies. A detailed comparison of all formulas across the various tested metrics is
provided in the Tables, offering a comprehensive overview of the results.

Mean Prediction Error (MPE)

The network meta-analysis (NMA) assessing Mean Prediction Error (MPE) included five studies, covering
84.91% of participants. The SUCRA ranking plot identified Barrett True-K Measured as the formula with the lowest
MPE, followed by Kane Keratoconus. In contrast, Holladay 2 Original had the highest MPE (Figure 4A). The forest plot
demonstrated that the Kane Keratoconus formula had a mean difference of 0.0004 (95% CI: —1.05, 1.05), slightly
favoring Barrett True-K Measured. A comprehensive comparison of all formulas is provided in Figure 4B. A sensitivity

9,15-17,19

analysis was conducted to check whether excluding any single study would change the MPE results. When one study was
removed from the analysis, the Barrett Universal II (BU II) formula showed the lowest MPE compared to Barrett True-K
Measured, with a difference of —0.0572 (95% CI: —0.664, 0.554).

Mean Absolute Error (MAE)

A network meta-analysis (NMA) assessing Mean Absolute Error (MAE) included three studies, accounting for
40% of the participants. The SUCRA ranking plot in Figure 5A indicated that Barrett True-K Predicted was the formula
with the lowest MAE, followed by Barrett True-K Measured, SRK/T, Kane Keratoconus, Barrett Universal 11, and Kane.

14,16,19

(A) Mean Prediction Error (MPE) (B) Mean Absolute Error (MAE) (C) Predictive Erorr (PE) within + 0.50 D (D) Predictive Erorr (PE) within £ 1.00 D

i Higins Higins.
Higns—gg) Higns gy HofferQ BUII - A
Hoffer Q Hoffer Q
BTKp BTKp Holladay 1 BTKp BTKp
Holladay 1 Holladay 1 Holladay 1
Holladay 2
BTKm BTKm keratoconus BTKm BTKm

Holladay 2 Holladay 2 adjustment Holladay 2

¢ keratoconus

original original Holladay 2 adjustment
SRK T SRKT original SRK T SRKT

Kane Kane Holladay 2
SRK Il SRK Il Kane SRK Il original
Kane'KCN Kane'KCN Kane KCN Kane Kane' KCN

Figure 3 Network plot of intraocular lens (IOL) power calculation formulas included in the network meta-analysis (NMA). (A) Network for Mean Predicted Error (MPE).
(B) Network for Mean Absolute Error (MAE). (C) Network for Predictive Error (PE) within * 0.50 Diopter. (D) Network for Predictive Error (PE) within + 1.00 Diopter.

(A) (B)
00
‘( - Mean Difference (95% Crl)
| ) S Compared with BTK_m
- ‘ BTK p 0.0510 (-0.985, 1.10)
H ® SAKT BU_II Lo— 0.348 (-0.590, 1.28)
3 g | Higins —o— 0.807 (-0.199, 1.83)
g, I . Hoffer_Q —o—— 0.786 (-0.440, 2.04)
g T Holladay 1 —o— 0.901 (-0.144, 1.97)
2 | @ Holladay 2_original o 1.36 (0.262, 2.49)

E ‘ Kane ——— 0.511 (-0.531, 1.56)
6 | e Kane KCN —— 0.000402 (-1.04, 1.04)
) SR a1 SRK_II —o—— 0.489 (-0.751, 1.76)

SRK_T | ro— | 0.301 (-0.634, 1.24)
o
2 3
s cllackay 2
e —— 0 ignal

Rank

Figure 4 (A) SUCRA ranking of intraocular lens (IOL) power calculation formulas based on Mean Prediction Error (MPE). (B) Forest plot comparing MPE across formulas,
displaying mean differences and 95% credible intervals (Crl).
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(A) (B)
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y SRK_II 0.524 (-0.0811, 1.10)
5 SRK_T —o— 0.121 (-0.349, 0.600)
o offer Q T i
S 2 0 3
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Rank

Figure 5 (A) SUCRA ranking of intraocular lens (IOL) power calculation formulas based on Mean Absolute Error (MAE). (B) Forest plot comparing MAE across formulas,
showing mean differences and 95% credible intervals (Crl).
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B
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g0 | & 51 o Holadey 1 Holladay 1 —— 0.579 (0.363, 0.921)
s 2 ® Bull Holladay 2 keratoconus_adjustment —O0— 0.323 (0.168, 0.568)
[ 7 Boﬂ!day 2
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g i ~ Kane_KCN —Or— 0.866 (0.529, 1.40)
g SRK_1I —_— 0.496 (0.263, 0.948)
toficr O SRK_T —Oo— 0.730 (0.478, 1.11)
Haladoy 2
jcratoccous 0.1 1 5
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Rank

Figure 6 (A) SUCRA ranking of intraocular lens (IOL) power calculation formulas based on the proportion of eyes achieving a prediction error (PE) within £0.50 D. (B)
Forest plot comparing PE within £0.50 D across formulas, displaying mean differences and 95% credible intervals (Crl).

Conversely, the Higgins formula exhibited the highest MAE. The forest plot (Figure 5B) demonstrated that Barrett True-
K Predicted had a mean difference of —0.00876 (95% CI: —0.486, 0.461) compared to Barrett True-K Measured.

Predictive Error (PE) Within £ 0.50 D and £ 1.00 D
A network meta-analysis (NMA) was conducted to assess prediction error (PE) within £0.50 D and £1.00 D, utilizing
data from four studies for each outcome and covering 71.13% of the participants.”'>'®!" The SUCRA ranking plot
Figure 6A showed that the three highest-ranked formulas for PE within £0.50 D were Barrett True-K Measured, Barrett
True-K Predicted, and Kane Keratoconus. In contrast, Holladay 2 Keratoconus Adjusted exhibited the lowest rate of PE
within £0.50 D. The forest plot Figure 6B revealed that all formulas, except Barrett True-K Predicted, exhibited lower PE
rates within £0.50 D when compared to Barrett True-K Measured. Among these, Holladay 2 Keratoconus Adjusted had
the lowest mean difference of 0.323 (95% CI: 0.168, 0.568), followed by Hoffer Q with a mean difference of 0.390 (95%
CI: 0.237, 0.613), both favoring Barrett True-K Measured. In contrast, Barrett True-K Predicted demonstrated a mean
difference of 1.13 (95% CI: 0.599, 2.11), favoring Barrett True-K Predicted over Barrett True-K Measured. Further
details are presented in Figure 6B.

The final NMA assessed PE rates within £1.00 D using SUCRA analysis. The ranking plot (Figure 7A) indicated that
Barrett True-K Predicted had the highest PE rates within £1.00 D, followed by Kane Keratoconus and Barrett True-K
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Figure 7 (A) SUCRA ranking of intraocular lens (IOL) power calculation formulas based on the proportion of eyes achieving a prediction error (PE) within +1.00 D. (B)
Forest plot comparing PE within £1.00 D across formulas, displaying mean differences and 95% credible intervals (Crl).

Measured. Consistent with the findings for PE within +£0.50 D, Holladay 2 Keratoconus Adjusted exhibited the lowest
rates of PE within +1.00 D. The forest plot (Figure 7B) showed that Barrett True-K Predicted, when compared to Barrett
True-K Measured, had a mean difference of 1.32 (95% CI: 0.661, 2.59), favoring Barrett True-K Predicted. Additionally,
Kane Keratoconus exhibited a higher PE rate within £1.00 D with a mean difference of 1.25 (95% CI: 0.723, 2.14),
followed by SRK/T with a mean difference of 1.03 (95% CI: 0.664, 1.65). In contrast, the remaining formulas did not
show significantly higher PE rates within +1.00 D, with the lowest rates observed for Holladay 2 Keratoconus Adjusted,
which had a mean difference of 0.605 (95% CI: 0.313, 1.15), favoring Barrett True-K Measured. Further details
regarding all formulas are illustrated in Figure 7B.

Sub-Grouping Based on Keratoconus Severity

Figure 8A illustrates the overall Mean Prediction Error (MPE) outcomes stratified by the severity of keratoconus (KCN).
In cases of mild KCN, the Barrett True-Kane Predicted (BTKP) formula demonstrated the lowest MPE, followed by
Barrett True-Kane Measured (BTKM), SRK/T, Barrett Universal 1I, Kane Keratoconus, Kane, and Holladay 1, respec-
tively. For eyes with moderate KCN, the Kane Keratoconus formula yielded the lowest MPE (0.15), followed by BTKP
(0.19) and BTKM (0.28).”'*'” Conversely, the Holladay 1 formula exhibited the highest MPE in this subgroup. In
severe KCN cases, BTKM achieved the lowest MPE (0.46), followed by BTKP and Kane Keratoconus. Holladay 1 again
reported the highest MPE (3.38), surpassing all other formulas, with Holladay 2, Kane, and SRK/T following
sequentially.

Figure 8B presents the Mean Absolute Error (MAE) outcomes relative to KCN severity. For mild KCN, both BTKP
and BTKM exhibited significantly lower MAE values (0.39 and 0.44, respectively) compared to other formulas. In
contrast, Holladay 1, SRK/T, and SRK II showed substantially higher MAE values. Among moderate KCN patients,
BTKM resulted in the lowest MAE, followed by BTKP and Kane Keratoconus. Notably, Holladay 1 exhibited the
highest MAE in this group, followed by Barrett Universal II. In severe KCN cases, SRK II unexpectedly recorded the
lowest MAE, with BTKM and BTKP following. Holladay 1, however, remained the formula with the highest MAE,
succeeded by Kane and Barrett Universal I1.7'*"

Figure 8C depicts the Median Absolute Error (MedAE) outcomes as stratified by KCN severity. In mild KCN, BTKM
and BTKP recorded the lowest MedAE values, followed by Kane Keratoconus and Kane. Conversely, Holladay 1 and
Holladay 2 presented the highest MedAE values at 0.64 and 0.58, respectively. Among moderate KCN patients, Holladay
1 yielded significantly higher MedAE values relative to other formulas, whereas BTKP and BTKM demonstrated the
lowest MedAE. In severe KCN, Holladay 2 reported an extreme MedAE of 4.50, followed by Holladay 1 and Kane.
Conversely, BTKP showed the lowest MedAE, followed by BTKM, Kane Keratoconus, and SRK/T.% 1419
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Figure 8 Chart (A) represents the MPE in eight different formulas based on keratoconus severity stage. Also, both charts (B and C) represent the MAE and the MedAE
respectively in eight formulas based on keratoconus severity.
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Discussion

Managing cataracts in patients with keratoconus presents unique challenges. Since most intraocular lens (IOL) calcula-
tion formulas are designed for eyes with normal corneal structures, their application in keratoconus eyes often results in
inaccurate refractive predictions and suboptimal visual outcomes following cataract surgery.”' A new generations of IOL
calculation formulas, including keratoconus-specific formulas, have been developed to improve the refractive predictive
accuracy.'’

This systematic review and network meta-analysis included seven studies involving a total of 560 eyes, comparing the
predictive accuracy of 11 intraocular lens (IOL) power calculation formulas in keratoconus patients undergoing cataract
surgery. Multiple refractive outcomes were assessed, including mean prediction error (MPE), mean absolute error
(MAE), Median Absolute Error (MedAE), and prediction error (PE) within £0.50 D and £1.00 D. Overall, the Barrett
True-K formulas, particularly the Measured (BTKM) and Predicted (BTKP), demonstrated the highest accuracy in terms
of MPE, MAE, MedAE, and PE within £0.50 D and +1.00 D. in terms of mean prediction error (MPE), the Barrett True-
K formulas outperformed newer keratoconus-adjusted formulas like Kane Keratoconus, and surpassing older generations
formulas such as Holladay 1, Holladay 2 Original, Haigis, and Hoffer Q. When stratified by keratoconus severity, BTKP
was the most accurate in mild disease, Kane Keratoconus in moderate disease, and BTKM in severe cases. This stage-
dependent performance highlights that no single formula is optimal for all keratoconus patients. Rather, selecting the
appropriate formula based on disease severity may significantly enhance postoperative refractive outcomes and reduce
prediction errors.

Similarly, when assessing mean absolute error (MAE), BTKP showed the highest accuracy across all formulas,
followed closely by BTKM, SRK/T, and Kane Keratoconus, while Hoffer Q and SRK II exhibited the poorest
performance, interestingly, SRK/T showed unexpectedly favorable results in severe keratoconus, suggesting potential
value in certain advanced cases. This may be explained by the findings of Melles et al who showed that the SRK/T
formula tends to produce a significant myopic prediction error in normal eyes as keratometry values increase.> This
myopic tendency at higher corneal powers may help counteract the hyperopic shift commonly seen in keratoconus
patients, as noted by Kane et al’ In terms of predictive error within +£0.50 D and +1.00 D, BTKM and BTKP ranked
consistently among the top performers, particularly in achieving high rates of refractive outcomes within acceptable error
margins. In contrast, Holladay 2 Keratoconus Adjusted, Hoffer Q, and Higgins formulas demonstrated lower predictive
accuracy with greater margins of error. MedAE analysis based on keratoconus severity had consistent findings, with
BTKM and BTKP maintaining top performance across mild and moderate keratoconus, while BTKP demonstrated the
best performance in severe disease.

Collectively, these findings emphasize the superior performance of keratoconus-adjusted formulas, particularly the
Barrett True-K formulas, in achieving accurate refractive outcomes across keratoconus severities. This is consistent with
finding of previous studies that displayed the superior performance of Barret True-K formulas.'®'*** Our results also
suggest that no single formula performs best in all Keratoconus severities level, highlighting the importance of tailoring
formula selection based on the stage of the disease.

The superior performance of keratoconus-specific IOL formulas, such as Barrett True-K and Kane Keratoconus, may
be explained by their design, which takes into account the irregular corneal structure and the altered effective lens
position (ELP) often seen in keratoconus eyes. These formulas incorporate multiple biometric parameters to improve the
accuracy of lens power prediction. For example, the Barrett True-K formula includes posterior corneal curvature and
central corneal thickness, allowing for a more customized calculation. Similarly, the Kane Keratoconus formula uses
a modified corneal power based on the anterior corneal radius in steep corneas to adjust for the abnormal ratio between
anterior and posterior curvature found in keratoconus, leading to more reliable corneal power estimates.'® In contrast,
older IOL calculations formulas like Hoffer Q and Holladay 1 rely on keratometry values. Simulated keratometry reading
is determined as the average keratometry readings obtained by a corneal topographer or an autokeratometer for IOL
power calculation. However, in keratoconus, keratometry values often overestimate the actual corneal refractive power
due to corneal distortion caused by ectasia, even though the visual axis may pass through a flatter region with less
refractive power. This leads to an underestimation of the required IOL power, and a final effective lens position that is
more posterior than expected. All these factors lead to an increased risk of postoperative hyperopia and inaccurate
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refractive outcomes.?’** These factors may explain the poor performance of older formulas in predicting refractive
outcomes in patients with keratoconus.

To the best of our knowledge, this is the first systematic review and network meta-analysis comprehensively
evaluated multiple refractive outcomes, including mean prediction error (MPE), mean absolute error (MAE), median
absolute error (MedAE), and prediction error within +0.50 D and £1.00 D, providing a detailed assessment of the
predictive accuracy of various intraocular lens (IOL) formulas. Additionally, the study included a stratified analysis based
on keratoconus severity, offering valuable insights into formula performance across different stages of the disease.

While our systematic review and network meta-analysis provide valuable insights into the accuracy of IOL power
calculation formulas for keratoconus patients undergoing cataract surgery, certain limitations should be acknowledged.
Most of the currently available evidence originates from retrospective studies with relatively small sample sizes, which
may limit the generalizability of the findings. In addition, some formulas appear underrepresented in the literature not
necessarily due to inferior performance, but rather because of limited comparative reporting or restricted availability of
proprietary algorithms. Moreover, the variability in preoperative measurement techniques utilizing different optical
biometers devices, and differences in keratoconus severity classification may introduce heterogeneity across studies.
Although SUCRA rankings were used to provide a relative hierarchy of formula performance, these should not be
interpreted as definitive evidence of clinical superiority, particularly in the presence of overlapping credible intervals. In
addition, key assumptions underlying network meta-analysis, including transitivity and consistency, may not be fully
satisfied. Therefore, the results especially subgroup analyses should be considered exploratory and hypothesis-generating
rather than definitive guidance for clinical decision-making.

Finally, multiple formulas were excluded due to the limited number of studies presenting them, preventing
a comprehensive assessment of their accuracy. The variability in predictive performance across formulas highlights the
need for careful selection, particularly in patients with moderate to severe keratoconus. To further refine these findings,
future research should focus on larger, well-controlled studies with standardized biometry methods and longer follow-up
durations to ensure the long-term stability and clinical reliability of keratoconus-specific formulas.

Conclusion

This systematic review and network meta-analysis demonstrated that Barrett True-K Measured and Barrett True-K
Predicted showed the highest predictive accuracy across multiple refractive outcomes, followed by Kane Keratoconus.
Subgroup analyses suggested that Barrett True-K formulas performed consistently well across different keratoconus
severity levels, although predictive accuracy declined with increasing disease severity. In contrast, traditional formulas,
including Hoffer Q, Holladay 1 and 2, and Higgins, generally showed larger refractive errors, particularly in moderate to
severe keratoconus.

These findings suggest that keratoconus-specific formulas may improve refractive predictability in patients with
keratoconus undergoing cataract surgery and may help reduce the risk of postoperative hyperopic surprise. Additionally,
this network meta-analysis provides a comprehensive comparison of available formulas and helps clarify previously
inconsistent findings reported in the literature. Nevertheless, given the limited number of studies and methodological
heterogeneity among included studies, these findings should be interpreted cautiously. Future research should focus on
larger prospective studies, longer follow-up periods, and standardized biometric measurement techniques to further
improve the accuracy of IOL power prediction in keratoconus.
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