
Edited by

Current Challenges 
and Advances in 
Cataract Surgery 

Nobuyuki Shoji

Printed Edition of the Special Issue Published in 
 Journal of Clinical Medicine

www.mdpi.com/journal/jcm



Current Challenges and Advances in
Cataract Surgery





Current Challenges and Advances in
Cataract Surgery

Editor

Nobuyuki Shoji

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

Nobuyuki Shoji

Kitasato University School of Medicine

Japan

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

Journal of Clinical Medicine (ISSN 2077-0383) (available at: https://www.mdpi.com/journal/jcm/

special issues/cataract surgery research).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-6277-3 (Hbk)

ISBN 978-3-0365-6278-0 (PDF)

© 2023 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

Preface to ”Current Challenges and Advances in Cataract Surgery” . . . . . . . . . . . . . . . . vii

Wei-Cheng Chang, Cho-Hao Lee, Shih-Hwa Chiou, Chen-Chung Liao and Chao-Wen Cheng

Proteomic Analysis of Aqueous Humor Proteins in Association with Cataract Risks: Diabetes
and Smoking
Reprinted from: J. Clin. Med. 2021, 10, 5731, doi:10.3390/jcm10245731 . . . . . . . . . . . . . . . . 1

Yoshihiko Iida, Kimiya Shimizu and Nobuyuki Shoji

Development of a New Method for Calculating Intraocular Lens Power after Myopic Laser In
Situ Keratomileusis by Combining the Anterior–Posterior Ratio of the Corneal Radius of the
Curvature with the Double-K Method
Reprinted from: J. Clin. Med. 2022, 11, 522, doi:10.3390/jcm11030522 . . . . . . . . . . . . . . . . 17

Young-Sik Yoo and Woong-Joo Whang

Conditional Process Analysis for Effective Lens Position According to Preoperative Axial
Length
Reprinted from: J. Clin. Med. 2022, 11, 1469, doi:10.3390/jcm11061469 . . . . . . . . . . . . . . . . 27

Otman Sandali, Rachid Tahiri Joutei Hassani, Ashraf Armia Balamoun, 
Mohamed El Sanharawi and Vincent Borderie

Facilitating Role of the 3D Viewing System in Tilted Microscope Positions for Cataract Surgery 
in Patients Unable to Lie Flat
Reprinted from: J. Clin. Med. 2022, 11, 1865, doi:10.3390/jcm11071865 . . . . . . . . . . . . . . . . 39

Barbara S. Brunner, Nikolaus Luft, Siegfried G. Priglinger, Mehdi Shajari, 
Wolfgang J. Mayer and Stefan Kassumeh

Saving of Time Using a Software-Based versus a Manual Workflow for Toric Intraocular Lens 
Calculation and Implantation
Reprinted from: J. Clin. Med. 2022, 11, 2907, doi:10.3390/jcm11102907 . . . . . . . . . . . . . . . . 45

Yueh-Ling Chen, Christy Pu, Ken-Kuo Lin, Jiahn-Shing Lee, Laura Liu and Chiun-Ho Hou

A Comparison of Visual Quality and Contrast Sensitivity between Patients with Scleral-Fixated
and In-Bag Intraocular Lenses
Reprinted from: J. Clin. Med. 2022, 11, 2917, doi:10.3390/jcm11102917 . . . . . . . . . . . . . . . . 53

Yoshihiko Iida, Kimiya Shimizu and Nobuyuki Shoji

Reply to Cione et al. Comment on “Iida et al. Development of a New Method for
Calculating Intraocular Lens Power after Myopic Laser In Situ Keratomileusis by Combining
the Anterior–Posterior Ratio of the Corneal Radius of the Curvature with the Double-K Method.
J. Clin. Med. 2022, 11, 522”
Reprinted from: J. Clin. Med. 2022, 11, 2708, doi:10.3390/jcm11102708 . . . . . . . . . . . . . . . . 63

Mario Damiano Toro, Serena Milan, Daniele Tognetto, Robert Rejdak, Ciro Costagliola, 
Sandrine Anne Zweifel, Chiara Posarelli, Michele Figus, Magdalena Rejdak, 
Teresio Avitabile, Adriano Carnevali and Rosa Giglio

Intraoperative Anterior Segment Optical Coherence Tomography in the Management of 
Cataract Surgery: State of the Art
Reprinted from: J. Clin. Med. 2022, 11, 3867, doi:10.3390/jcm11133867 . . . . . . . . . . . . . . . . 67

v



Roman Lischke, Walter Sekundo, Rainer Wiltfang, Martin Bechmann, Thomas C. Kreutzer,

Siegfried G. Priglinger, Martin Dirisamer and Nikolaus Luft

IOL Power Calculations and Cataract Surgery in Eyes with Previous Small Incision Lenticule
Extraction
Reprinted from: J. Clin. Med. 2022, 11, 4418, doi:10.3390/jcm11154418 . . . . . . . . . . . . . . . . 81

Miki Omoto, Kaoruko Sugawara, Hidemasa Torii, Erisa Yotsukura, Sachiko Masui, 
Yuta Shigeno, Yasuyo Nishi and Kazuno Negishi

Investigating the Prediction Accuracy of Recently Updated Intraocular Lens Power Formulas 
with Artificial Intelligence for High Myopia
Reprinted from: J. Clin. Med. 2022, 11, 4848, doi:10.3390/jcm11164848 . . . . . . . . . . . . . . . . 91

Anna Dołowiec-Kwapisz, Halina Piotrowska and Marta Misiuk-Hojło

Evaluation of Visual and Patient—Reported Outcomes, Spectacle Dependence after Bilateral
Implantation with a Non-Diffractive Extended Depth of Focus Intraocular Lens Compared to
Other Intraocular Lenses
Reprinted from: J. Clin. Med. 2022, 11, 5246, doi:10.3390/jcm11175246 . . . . . . . . . . . . . . . . 99

Majid Moshirfar, Kathryn M. Durnford, Jenna L. Jensen, Daniel P. Beesley, Telyn S. Peterson,

Ines M. Darquea, Yasmyne C. Ronquillo and Phillip C. Hoopes

Accuracy of Six Intraocular Lens Power Calculations in Eyes with Axial Lengths Greater than
28.0 mm
Reprinted from: J. Clin. Med. 2022, 11, 5947, doi:10.3390/jcm11195947 . . . . . . . . . . . . . . . . 113

Wei-Tsun Chen, Yu-Yen Chen and Man-Chen Hung

Dry Eye Following Femtosecond Laser-Assisted Cataract Surgery: A Meta-Analysis
Reprinted from: J. Clin. Med. 2022, 11, 6228, doi:10.3390/jcm11216228 . . . . . . . . . . . . . . . . 123

vi



Preface to ”Current Challenges and Advances in

Cataract Surgery”

I have organized this Special Issue to discuss appropriate IOL formulas, the proper use of special

intraocular lenses, and the current status of cataract surgery for special ocular situations, and invited

research papers. We received a number of submissions and, through detailed peer review, we were

able to carefully select excellent research papers for publication.

Chang et al. collected aqueous humor during cataract surgery and, by examining this,

showed that the alpha-2-HS-glycoprotein, called fetuin-a, could be a potential aqueous 35 biomarker

associated with DM and smoking, which are cataract risk factors.

The new IOL power calculation formula for post-LASIK eyes by Iida et al. is considered a very

useful study in the context of the increasing number of post-refractive cataract surgery patients. The

comments of Cione et al. on this paper and the response of Iida et al. must also be of interest to

the reader. Similarly, we believe that the IOL power calculation after SMILE is also information

that will be needed in the future. Lischke et al. reported that the ray-tracking method showed

superior predictability in IOL power calculation over empirically optimized IOL power calculation

formulae that were originally intended for use after Excimer-based keratorefractive procedures.

The improvement in postoperative visual quality is an important and unavoidable issue in current

cataract surgery, and the report by Brunner et al. on the more accurate calculation and insertion of

toric IOLs is very informative. A problem that has been vexing many surgeons is IOL calculation in

highly myopic or long-axis eyes. The reports of Moshirfar et al. and Omoto et al. must be of great

help to surgeons. The study by Yoo et al. on the most effective lens position according to preoperative

axis length is also very interesting.

The surgical method demonstrated by Sandali et al., which applies the 3D system to patients

who have difficulty lying supine during surgery, should be a bright light for patients and their

families who have given up on surgery. The review by Toro et al. shows that intraoperative anterior

segment, OCT, is not only useful for novel surgeons, but is also a useful tool for education on

and management of the complicated cases of cataract surgery for expert surgeons. Scleral-fixated

occurs when in-the-bag IOL fixation fails for some reason, but it is also possible that the IOL

fixation is unstable, resulting in reduced visual function. Chen YL et al. provide an in-depth

discussion of this. The study by Dołowiec-Kwapisz et al. of the spectacle dependence of EDOF

and the photic phenomenon provides important information when recommending this type of IOL

to patients. A thorough preoperative explanation of the degree of dependence on spectacle would

avoid unnecessary problems due to decreased postoperative satisfaction. FLAC is attracting attention

as the next generation of cataract surgery, but various problems have been pointed out. Dry eyes are

one of them. Chen WT et al. point out this problem by conducting a meta-analysis. As mentioned

above, the papers discuss a variety of topics, from preoperative to intraoperative and postoperative,

and I believe that this is a very interesting Special Issue.

Finally, I would like to express my sincere respect to all the authors, who submitted excellent

papers, and to the reviewers who took the trouble to review them.

Nobuyuki Shoji

Editor
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Abstract: Cataracts are one of the most common eye diseases that can cause blindness. Discovering
susceptibility factors in the proteome that contribute to cataract development would be helpful
in gaining new insights in the molecular mechanisms of the cataract process. We used label-free
nanoflow ultra-high-performance liquid chromatography–tandem mass spectrometry to compare
aqueous humor protein expressions in cataract patients with different cataract risk factors such as
diabetes mellitus (DM) and smoking and in controls (with cataract) without risk exposure. Eight
patients with diabetes and who smoked (with double risk factors), five patients with diabetes and
five patients who smoked (both with a single risk factor), and nine aged-matched cataract controls
patients (non-risk exposure) were enrolled. In total, 136 aqueous humor proteins were identified, of
which only alpha-2-Heremans–Schmid (HS)-glycoprotein was considered to be significantly risk-
associated because it was differentially expressed in these three groups and exhibited increased
expression with increasing risk factors. Significant changes in the aqueous humor level of alpha-2-
HS-glycoprotein between DM and control samples and between smoking and control samples were
confirmed using ELISA. The alpha-2-HS-glycoprotein, called fetuin-a, could be a potential aqueous
biomarker associated with DM and smoking, which were cataract risk factors.

Keywords: aqueous humor; label free; cataract; risk factor; proteomics; alpha-2-HS-glycoprotein;
fetuin-A

1. Introduction

In developed countries, cataracts are one of the most common causes of blindness [1].
They are classified by cause as age-related cataracts, pediatric cataracts, and cataracts
secondary to other causes. As shown by many studies, age is the biggest risk factor [2,3].
Considering the location of opacification within the lens, cataracts are divided into three
major types: nuclear, cortical, and posterior subcapsular cataracts. Cataract development
can be caused by many other risk factors, including environmental factors and genetic
changes [4]. Diabetes mellitus (DM), long-term use of corticosteroids, cigarette smoking,

J. Clin. Med. 2021, 10, 5731. https://doi.org/10.3390/jcm10245731 https://www.mdpi.com/journal/jcm1
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prolonged exposure to ultraviolet light, and alcohol abuse are well-known risk factors [2].
Cigarette smoking is a risk factor for nuclear and posterior subcapsular cataracts [4]. DM
was identified as a common cause of posterior subcapsular and cortical cataracts [5,6].
Increased age is a risk factor for the development of all types of cataracts. Throughout life,
a high myopia of over −6.0 D is associated with nuclear cataracts and posterior subcapsular
cataracts [7]. Other causes of cataracts include mechanical trauma, chemical injury, elec-
trical injury, radiation, and certain medications. However, the underlying cataractogenic
mechanisms of cataract development are still not well documented, with many still being
investigated. Proteomics analysis is an extensively used technique to discover changes in
protein levels in tissues and cells. Recent proteomic studies in cataract disease of the human
aqueous humor (AH) revealed multiple proteins of interest in patients [8–12]. Ji et al. [13]
used isobaric tags for the relative and absolute quantitation (iTRAQ) methodology to
compare AH protein profiles among high myopia, glaucoma, and vitrectomy surgery pa-
tients, and controls. They identified multiple candidate protein biomarkers associated with
cataract development in each group. Furthermore, Kim et al. [14] analyzed the aqueous
proteome from age-related macular degeneration (AMD) patients and non-AMD cataract
controls to identify novel pathogenic proteins that are useful as potential clinical biomark-
ers. The differential expressions of three proteins were reported in the AH of AMD patients
compared with those of cataract controls. Those studies used a good model that inspired a
new idea for us of using proteomics to discuss different risk factors of cataract formation.
To our knowledge, there has been no previous investigation of different cataract risk factors
by comparing proteomic evidence. We used proteomics to discover the pathogenesis of
different cataract risks and to possibly identify candidate biomarker proteins identified
in patients predisposed to this condition. In this study, we employed Nanoflow ultra-
high-performance liquid chromatography–tandem mass spectrometry (n-UPLC-MS/MS)
to examine the protein compositions of aqueous solutions obtained from human cataract
eyes of patients who had a single risk factor of either DM or cigarette smoking, those
who had double risk factors of DM and cigarette smoking, and aged-matched cataract
controls (with neither risk factor). This sensitive proteomics approach could help examine
the underlying pathophysiology of cataract formation using relatively scarce amounts of
aqueous samples, thereby favoring the methodological approach for this investigation.
This study may reveal valuable insights into the molecular changes in the AH in the course
of cataract pathogenesis.

2. Materials and Methods

2.1. Subjects

The study protocol was approved by the Medical Ethics and Institutional Review Board of
Taoyuan General Hospital, Ministry of Health and Welfare (TYGH109009) (Taoyuan, Taiwan),
and conducted as per the tenets of the Declaration of Helsinki. All study participants
provided written informed consent before their enrollment, and the nature and possible
consequences of the study were explained to them. Human AH samples from treatment-
naive patients with a single risk factor (n = 10) of DM (n = 5) or cigarette smoking (n = 5),
double risk factors (n = 8) of DM combined with cigarette smoking, and aged-matched
cataract controls with neither risk factor (n = 9) were collected while patients were under-
going cataract surgery at Taoyuan General Hospital. The diagnostic criterion for cataracts
was defined with a slit lamp with no other ocular diseases, trauma, or previous intraocular
operation history. The presence of type 2 diabetes was defined as any one or more of the
following: (1) having had a diagnosis of type 2 diabetes that was confirmed by a physician
(ICD10: E11); (2) self-report of a diabetes diagnosis and use of hypoglycemic medications;
(3) a fasting glucose level of ≥126 mg/dL; (4) a 2 h post-challenge plasma glucose level of
≥200 mg/dL. All subjects were included as cases of type 2 diabetes within a follow-up time
of five years. A cigarette smoking history was obtained from all patients. Their cigarette
consumption varied with a mean duration of more than 20 years. Data on control eyes
were collected from senior cataract patients who were free from other ocular or systemic
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diseases. In these three groups, inclusion criteria were cataract patients aged older than
55 years. Exclusion criteria were a history of any systemic or ocular disorder or condition
including ocular surgery, trauma, or disease. Best corrected visual acuity (BCVA) was
measured as the logarithm of the minimum angle of resolution (logMAR).

2.2. AH Sample Collection

AH samples were obtained from patients during the implantation of phakic intraocular
lenses. To avoid hemorrhaging and ocular surface contamination, a sample was collected
using a 1 mL tuberculin syringe with a 30 gauge needle at the limbus before any other
entry into the eye under a surgical microscope. Note that 50–100 μL of AH was collected
from each patient by anterior chamber paracentesis. Undiluted AH samples were collected
and stored at −80 ◦C within 24 h until preparation was initiated.

2.3. n-UPLC-MS/MS

Protein concentrations of AH samples were determined by a dye-binding method
based on the Bradford assay (Bio-Rad Laboratories, Richmond, CA, USA) (Table 1), and
samples were further diluted in 1× phosphate-buffered saline (PBS) to a final concentration
of 0.1 μg/μL. Samples were prepared as per the SMART digestion kit protocol from
ThermoFisher Scientific (Waltham, MA, USA) and cleaned up using solid-phase extraction
(SPE) plates from ThermoFisher. The resulting peptides collected from the filters were
dried in a vacuum centrifuge and stored at −80 ◦C. Then, 50 μL of diluted AH samples was
resuspended in 0.1% formic acid and analyzed by n-UPLC-MS/MS. Tryptic peptides were
loaded into an LTQ-Orbitrap mass spectrometer with a nanoelectrospray ionization source
(Thermo Electron, MA, USA) connected to a nanoACQUITY UPLC system (Waters, MA,
USA). Peptide samples were separated on a 25 cm × 75 μm BEH130 C18 column (Waters)
with a 0–95% segmented gradient of 3–40% B for 168 min, 40–95% B for 2 min, and 95% B for
10 min at a flow rate of 0.5 μL/min. Mobile phase A was 0.1% formic acid in water, while
mobile phase B was 0.1% formic acid in acetonitrile. The mass spectrometer was set to the
data-dependent acquisition method (isolation width: 1.5 Da). As per the data-dependent
acquisition method, the first ten most intensively charged peptide ions were selected and
fragmented using a collision-induced dissociation (CID) method (Figure 1).

Table 1. Demographic characteristics of enrolled patients with a single risk factor, those with Double
risk factors, and cataract controls.

Cataract
Control

Single Risk Double Risks p Value #

Gender 0.003
Female 7 (77.8%) 3 (30.0%) 0 (0.0%)
Male 2 (22.2%) 7 (70.0%) 8 (100.0%)

Protein (μg/μL) 0.22 ± 0.06 0.36 ± 0.21 0.34 ± 0.11 0.049
Age (years) 74.00 ± 5.72 72.30 ± 10.14 69.38 ± 9.87 0.390

VA (logMAR) 0.41 ± 0.12 0.38 ± 0.14 0.27 ± 0.20 0.360
AXL (mm) 23.48 ± 0.59 24.02 ± 1.24 23.69 ± 0.95 0.552
Smoking 5
Diabetes

mellitus (DM) 5

Smoking + DM 8
# By Fisher’s exact test, Wilcoxon test, or Kruskal–Wallis test.
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Figure 1. Label-free Nanoflow UHPLC-MS/MS analytical workflow for the proteomic analysis of
human aqueous humor. Samples were digested using trypsin and were analyzed using an LTQ-Orbitrap
DiscoveryTM hybrid mass spectrometer (Thermo Electron). Proteins were identified and quantified
using the SEQUEST algorithm followed by analysis using Xcalibur 2.0 SR1 (Thermo Electron).

2.4. Protein Identification

Then, the acquired MS/MS raw data files were applied to search against a UniProt
human protein database (containing 20,387 protein sequences; released on 9 April 2021;
http://www.uniprot.org/ (accessed on 6 December 2021)) with PEAKS Studio 7.5 (Bioin-
formatic Solution, Ontario, CA, USA). The search settings of PEAKS Studio 7.5 combined
with UniProt’s protein database were as follows: enzyme set to trypsin; up to two missing
cut sites; precursor and fragment mass tolerances of 20 ppm and 0.8 Da, respectively; false
discovery rate (FDR) of <1%, obtained from a search of the decoy database. Furthermore,
based on a label-free quantitative analysis, each identified protein had to contain at least
one unique peptide and protein quantification method. Moreover, spectral counts were
normalized to the total identification spectrum of each biological sample.

2.5. Enzyme-Linked Immunosorbent Assay (ELISA)

An alpha-2-Heremans–Schmid (HS)-glycoprotein ELISA assay was performed to
measure concentrations of AH samples among the single-risk group, double-risk group,
and the age-matched cataract controls with a Human Alpha-2-HS-glycoprotein ELISA Kit
(EH310RB, ThermoFisher Scientific), as per the manufacturer’s protocol.

2.6. Statistical Analysis

Clinical data were analyzed using Stata (vers. 16.1, StataCorp, College Station, TX,
USA) to define the statistical significance between groups by a t-test or Chi-squared test,
and p < 0.05 was considered to be statistically significant. Statistical analysis by Fisher’s
exact test, Wilcoxon test, or Kruskal–Wallis test was used to confirm that there were no
statistically significant differences in age among the single-risk group, double-risk group,
and the age-matched cataract control group (Table 1).

Note: Single risk, patients with the DM or smoking risk factor; double risk, patients
with both the DM and smoking risk factors; control, cataract patients with neither of these
cataract risk factors; VA, visual acuity; AXL, axial length.
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3. Results

Table 1 lists the demographic data of patients with a single risk factor, those with
double risk factors, and the control group (with cataract). The mean age of single-risk-factor
patients was 72.30 ± 10.14 years, for double-risk-factor patients was 69.38 ± 9.87 years, and
for cataract control individuals was 74.00 ± 5.72 years. All patients had cataracts as revealed
by a slit lamp examination. The mean protein concentrations were 0.36 ± 0.21 μg/μL
in the single-risk-factor group, 0.34 ± 0.11μg/μL in the double-risk-factor group, and
0.22 ± 0.06 μg/μL in the cataract control group. There were statistical differences among
total protein contents in these three groups (p = 0.049) but no statistical differences in age
among these groups (p = 0.390). In total, 136 proteins were successfully identified by LC-ESI
MS/MS in single-risk-factor, double-risk-factor, and cataract control AH samples (Table 2,
Figure 2).

Table 2. List of aqueous humor (AH) proteins identified by LC-ESI-MS/MS.

Q9NQ66 1-phosphatidylinositol 4,5-bisphosphate
phosphodiesterase beta-1 P0CG04 Immunoglobulin lambda constant 1

Q99460 26S proteasome non-ATPase regulatory
subunit 1 P01700 Immunoglobulin lambda variable 1–47

O95996 Adenomatous polyposis coli protein 2 P0DOX8 Immunoglobulin lambda-1 light chain
P02768 Albumin B9A064 Immunoglobulin lambda-like polypeptide 5

P51648 Aldehyde dehydrogenase family 3 member
A2 P24592 Insulin-like growth factor-binding protein 6

P02763 Alpha-1-acid glycoprotein 1 Q16270 Insulin-like growth factor-binding protein 7
P19652 Alpha-1-acid glycoprotein 2 Q14624 Inter-alpha-trypsin inhibitor heavy chain H4
P01011 Alpha-1-antichymotrypsin Q6UXX5 Inter-alpha-trypsin inhibitor heavy chain H6
P01009 Alpha-1-antitrypsin Q17R60 Interphotoreceptor matrix proteoglycan 1
P04217 Alpha-1B-glycoprotein Q9BZV3 Interphotoreceptor matrix proteoglycan 2
P02765 Alpha-2-HS-glycoprotein P01042 Kininogen-1
P01023 Alpha-2-macroglobulin P02750 Leucine-rich alpha-2-glycoprotein
P02489 Alpha-crystallin A chain Q68G74 LIM/homeobox protein Lhx8
A0A140G945 Alpha-crystallin A2 chain P51884 Lumican
P02511 Alpha-crystallin B chain P61626 Lysozyme C
P06733 Alpha-enolase P01033 Metalloproteinase inhibitor 1
P03950 Angiogenin P05408 Neuroendocrine protein 7B2
P01019 Angiotensinogen P61916 NPC intracellular cholesterol transporter 2
P01008 Antithrombin-III Q9UBM4 Opticin
P02647 Apolipoprotein A-I P10451 Osteopontin
P02652 Apolipoprotein A-II Q9UQ90 Paraplegin
P06727 Apolipoprotein A-IV P36955 Pigment epithelium-derived factor
P05090 Apolipoprotein D Q15149 Plectin
P02649 Apolipoprotein E P0CG47 Polyubiquitin-B
P54253 Ataxin-1 P0CG48 Polyubiquitin-C

P02749 Beta-2-glycoprotein 1 Q9ULS6 Potassium voltage-gated channel subfamily S
member 2

P61769 Beta-2-microglobulin O94913 Pre-mRNA cleavage complex 2 protein Pcf11
P05813 Beta-crystallin A3 Q13395 Probable methyltransferase TARBP1

P53674 Beta-crystallin B1 A0A075B6H7 Probable non-functional immunoglobulin kappa
variable 3–7

P43320 Beta-crystallin B2 O94823 Probable phospholipid-transporting ATPase VB
P19022 Cadherin-2 Q9UHG2 ProSAAS
P07339 Cathepsin D P41222 Prostaglandin-H2 D-isomerase
Q8N163 Cell cycle and apoptosis regulator protein 2 Q92520 Protein FAM3C
Q7Z7A1 Centriolin P05109 Protein S100-A8
P36222 Chitinase-3-like protein 1 Q9H6Z4 Ran-binding protein 3
Q9HAW4 Claspin P10745 Retinol-binding protein 3

O43809 Cleavage and polyadenylation specificity
factor subunit 5 P02753 Retinol-binding protein 4

P10909 Clusterin P34096 Ribonuclease 4
P01024 Complement C3 P07998 Ribonuclease pancreatic
P0C0L4 Complement C4-A Q5T481 RNA-binding protein 20
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Table 2. Cont.

P0C0L5 Complement C4-B O75326 Semaphorin-7A
P00751 Complement factor B P02787 Serotransferrin
P00746 Complement factor D P00441 Superoxide dismutase [Cu-Zn]
P05156 Complement factor I P05452 Tetranectin
P01034 Cystatin-C Q8WZ42 Titin
Q8WVS4 Cytoplasmic dynein 2 intermediate chain 1 O15050 TPR and ankyrin repeat-containing protein 1

Q96M86 Dynein heavy chain domain-containing
protein 1 Q15582 Transforming growth factor-beta-induced

protein ig-h3
P49792 E3 SUMO-protein ligase RanBP2 Q14956 Transmembrane glycoprotein NMB

Q9HC35 Echinoderm microtubule-associated
protein-like 4 P02766 Transthyretin

Q13822
Ectonucleotide
pyrophosphatase/phosphodiesterase family
member 2

P60174 Triosephosphate isomerase

Q8TE68 Epidermal growth factor receptor kinase
substrate 8-like protein 1 P35030 Trypsin-3

P02671 Fibrinogen alpha chain P62979 Ubiquitin-40S ribosomal protein S27a

Q6ZV73 FYVE, RhoGEF and PH domain-containing
protein 6 P62987 Ubiquitin-60S ribosomal protein L40

P07320 Gamma-crystallin D Q5THJ4 Vacuolar protein sorting-associated protein 13D
P22914 Gamma-crystallin S P02774 Vitamin D-binding protein
P06396 Gelsolin Q96PQ0 VPS10 domain-containing receptor SorCS2
P22352 Glutathione peroxidase 3 Q9P202 Whirlin
Q14789 Golgin subfamily B member 1 P25311 Zinc-alpha-2-glycoprotein
P00738 Haptoglobin P0CG04 Immunoglobulin lambda constant 1
P69905 Hemoglobin subunit alpha P01700 Immunoglobulin lambda variable 1–47
P68871 Hemoglobin subunit beta P0DOX8 Immunoglobulin lambda-1 light chain
P02042 Hemoglobin subunit delta B9A064 Immunoglobulin lambda-like polypeptide 5
P02790 Hemopexin P24592 Insulin-like growth factor-binding protein 6
P62805 Histone H4 Q16270 Insulin-like growth factor-binding protein 7
P0DOX3 Immunoglobulin delta heavy chain Q14624 Inter-alpha-trypsin inhibitor heavy chain H4
P0DOX5 Immunoglobulin gamma-1 heavy chain Q6UXX5 Inter-alpha-trypsin inhibitor heavy chain H6
P01859 Immunoglobulin heavy constant gamma 2 Q17R60 Interphotoreceptor matrix proteoglycan 1
P01860 Immunoglobulin heavy constant gamma 3 Q9BZV3 Interphotoreceptor matrix proteoglycan 2
P01861 Immunoglobulin heavy constant gamma 4 P01042 Kininogen-1
P01780 Immunoglobulin heavy variable 3–7 P02750 Leucine-rich alpha-2-glycoprotein
A0A0B4J1Y9 Immunoglobulin heavy variable 3–72 Q68G74 LIM/homeobox protein Lhx8
A0A0B4J1X5 Immunoglobulin heavy variable 3–74 P51884 Lumican
A0A0J9YXX1 Immunoglobulin heavy variable 5-10-1 P61626 Lysozyme C
A0A0B4J1U7 Immunoglobulin heavy variable 6-1 P01033 Metalloproteinase inhibitor 1
P01834 Immunoglobulin kappa constant P05408 Neuroendocrine protein 7B2
P0DOX7 Immunoglobulin kappa light chain P61916 NPC intracellular cholesterol transporter 2
P01624 Immunoglobulin kappa variable 3–15 Q9UBM4 Opticin
P01619 Immunoglobulin kappa variable 3–20 P10451 Osteopontin

Comparing the single-risk group to the cataract control group, 125 proteins were
found, which included 42 proteins that were present at higher expression levels and 83
proteins that were present at lower expression levels in the single-risk group. In the double-
risk group, as compared to the cataract control group, 124 proteins were disclosed, among
which 39 proteins had higher expression levels and 85 proteins had lower expression levels
in the double-risk group. To understand the biological meaning of the changes of protein
expression observed in different risk factor groups, differentially expressed proteins were
analyzed for “molecular functions”, “biological processes”, and “cellular components” by
GO annotations. Our results demonstrated that differentially expressed proteins in the three
groups had different molecular functions, biological processes, and cellular components
(Figure 3). The major biological processes of these proteins were biological regulation,
including immune responses, metabolic processes, and responses to stimuli of the AH
(Figure 3A). The major molecular functions of AH proteins enriched among single-risk and
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double-risk patients were antigen binding and enzyme inhibitor activity (Figure 3B). As
per cellular component terms of the GO, most significant AH proteins were categorized
as extracellular region proteins (Figure 3C). Then, we used Ingenuity Pathway Analysis
(IPA, Qiagen) to show canonical pathways that are potentially involved in the pathogenesis of
cataracts under the risks of diabetes and smoking. Table 3 lists pathways associated with AH
proteins from single-risk patients, double-risk patents, and the cataract controls.

Figure 2. Label-free Nanoflow UHPLC-MS/MS analytical workflow for the proteomic analysis of
human aqueous humor. Samples were digested using trypsin and were analyzed using an LTQ-Orbitrap
DiscoveryTM hybrid mass spectrometer (Thermo Electron). Proteins were identified and quantified using
the SEQUEST algorithm followed by analysis using Xcalibur 2.0 SR1 (Thermo Electron). The intersection
of each area represents the number of significant expression (p < 0.05) proteins between each groups.
Only one protein was significantly deferentially expressed in each group.

Figure 3. Cont.
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Figure 3. Gene ontology (GO) analysis of differentially expressed proteins of the aqueous humor (AH) in the cataract
control, single-risk, and double-risk groups. We compared identified AH proteins from the three groups: (A) biological
processes; (B) molecular functions; (C) cellular components.

The top canonical pathways, including LXR/RXR activation, FXR/RXR activation, and
acute-phase response signaling, demonstrated significant associations with AH proteins.
Statistical analysis was performed on these 136 proteins. In total, 47 proteins exhibited
statistically significant changes in content in the group with a single risk factor compared
to the cataract control group (Table 4).
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Table 3. Pathway analysis of aqueous humor (AH) proteins using IPA tools.

Canonical Pathways

Overlap of Proteins
in the Single-Risk

and Cataract Control
Groups

Overlap of Proteins
in the Double-Risk

and Cataract Control
Groups

Overlap of Proteins
in the Single- and

Double-Risk Groups

LXR/RXR Activation 12 10 1
FXR/RXR Activation 12 10 1
Acute-Phase
Response Signaling 11 11 1

Clathrin-mediated
Endocytosis Signaling 12

Atherosclerosis
Signaling 7

Primary
Immunodeficiency
Signaling

5

IL-15 Signaling 9 1
B Cell Receptor
Signaling 1

Single risk, patients with the DM or smoking risk factor; double risk, patients with both the DM and smoking risk
factors; control, cataract patients with neither of these cataract risk factors.

Table 4. List of selected potential biomarker candidates.

Protein-ID Protein Name
Cataract
Control

(Spc)
Single (Spc)

Multiple
of Change

(Spc)

Cataract
Control

(Spc)

Double
(Spc)

Multiple
of Change

(Spc)

Q99460 26S proteasome non-ATPase
regulatory subunit 1 0.76 ± 1.18 2.99 ± 0.91 3.93 0.76 ± 1.18 2.95 ± 1.90 3.88

P02763 Alpha-1-acid glycoprotein 1 3.26 ± 3.45 0.00 ± 0.00 0 3.26 ± 3.45 0.00 ± 0.00 0
P19652 Alpha-1-acid glycoprotein 2 2.06 ± 1.89 0.00 ± 0.00 0 2.06 ± 1.89 0.00 ± 0.00 0
P01011 Alpha-1-antichymotrypsin 2.87 ± 2.07 0.32 ± 0.52 0.11 2.87 ± 2.07 0.26 ± 0.74 0.09
P02765 Alpha-2-HS-glycoprotein 0.00 ± 0.00 2.14 ± 1.72 −100 0.00 ± 0.00 4.30 ± 2.08 −100
P02647 Apolipoprotein A-I 3.88 ± 4.11 10.49 ± 2.19 2.68 3.88 ± 4.11 9.41 ± 6.49 2.43
P02652 Apolipoprotein A-II 0.09 ± 0.26 2.09 ± 1.33 23.22 0.09 ± 0.26 2.26 ± 1.52 25.11
P02749 Beta-2-glycoprotein 1 1.90 ± 1.49 0.09 ± 0.27 0.05 1.90 ± 1.49 0.33 ± 0.63 0.17
P36222 Chitinase-3-like protein 1 5.39 ± 2.93 1.15 ± 1.87 0.21 5.39 ± 2.93 0.71 ± 0.88 0.13

Q13822
Ectonucleotide pyrophos-
phatase/phosphodiesterase
family member 2

3.63 ± 3.78 0.11 ± 0.34 0.03 3.63 ± 3.78 0.14 ± 0.41 0.04

P22352 Glutathione peroxidase 3 1.15 ± 1.23 0.00 ± 0.00 0 1.15 ± 1.23 0.00 ± 0.00 0
Q14789 Golgin subfamily B member 1 0.54 ± 0.71 0.00 ± 0.00 0 0.54 ± 0.71 0.00 ± 0.00 0
P02790 Hemopexin 21.12 ± 8.44 1.56 ± 1.62 0.07 21.12 ± 8.44 2.67 ± 3.40 0.13

P0DOX5 Immunoglobulin gamma-1 heavy
chain 34.76 ± 6.08 10.24 ± 4.37 0.29 34.76 ± 6.08 10.58 ± 5.89 0.3

P01859 Immunoglobulin heavy constant
gamma 2 21.29 ± 3.52 5.29 ± 3.57 0.25 21.29 ± 3.52 6.27 ± 4.97 0.3

P01860 Immunoglobulin heavy constant
gamma 3 22.01 ± 4.99 6.75 ± 3.30 0.31 22.01 ± 4.99 6.98 ± 4.25 0.32

P01861 Immunoglobulin heavy constant
gamma 4 15.02 ± 3.42 4.14 ± 2.88 0.28 15.02 ± 3.42 4.92 ± 2.49 0.33

P01780 Immunoglobulin heavy variable
3–7 2.46 ± 2.13 0.00 ± 0.00 0 2.46 ± 2.13 0.25 ± 0.72 0.1

A0A0B4J1Y9 Immunoglobulin heavy variable
3–72 1.67 ± 1.09 0.00 ± 0.00 0 1.67 ± 1.09 0.13 ± 0.36 0.08

A0A0B4J1X5 Immunoglobulin heavy variable
3–74 2.08 ± 1.99 0.00 ± 0.00 0 2.08 ± 1.99 0.25 ± 0.72 0.12

A0A0B4J1U7 Immunoglobulin heavy variable
6–1 1.16 ± 1.28 0.09 ± 0.27 0.08 1.16 ± 1.28 0.00 ± 0.00 0

P01834 Immunoglobulin kappa constant 16.50 ± 5.02 2.75 ± 2.24 0.17 16.50 ± 5.02 2.94 ± 2.81 0.18

P0DOX7 Immunoglobulin kappa light
chain 12.23 ± 3.03 2.75 ± 2.24 0.23 12.23 ± 3.03 2.94 ± 2.81 0.24

P0CG04 Immunoglobulin lambda constant
1 4.74 ± 1.71 2.29 ± 1.75 0.48 4.74 ± 1.71 1.66 ± 1.20 0.35

P0DOX8 Immunoglobulin lambda-1 light
chain 4.74 ± 1.71 2.29 ± 1.75 0.48 4.74 ± 1.71 1.66 ± 1.20 0.35
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Table 4. Cont.

Protein-ID Protein Name
Cataract
Control

(Spc)
Single (Spc)

Multiple
of Change

(Spc)

Cataract
Control

(Spc)

Double
(Spc)

Multiple
of Change

(Spc)

B9A064 Immunoglobulin lambda-like
polypeptide 5 4.74 ± 1.71 2.29 ± 1.75 0.48 4.74 ± 1.71 1.66 ± 1.20 0.35

Q16270 Insulin-like growth factor-binding
protein 7 3.52 ± 1.34 1.83 ± 1.03 0.52 3.52 ± 1.34 1.09 ± 1.28 0.31

P01033 Metalloproteinase inhibitor 1 0.78 ± 0.80 0.00 ± 0.00 0 0.78 ± 0.80 0.00 ± 0.00 0

P61916 NPC intracellular cholesterol
transporter 2 1.05 ± 0.89 0.00 ± 0.00 0 1.05 ± 0.89 0.20 ± 0.58 0.19

Q92520 Protein FAM3C 1.50 ± 1.23 0.00 ± 0.00 0 1.50 ± 1.23 0.00 ± 0.00 0
P02753 Retinol-binding protein 4 2.09 ± 0.97 0.71 ± 1.30 0.34 2.09 ± 0.97 0.86 ± 0.96 0.41
O75326 Semaphorin-7A 0.98 ± 1.59 0.00 ± 0.00 0 0.98 ± 1.59 0.00 ± 0.00 0
P02787 Serotransferrin 74.79 ± 23.85 31.40 ± 9.50 0.42 74.79 ± 23.85 30.22 ± 9.85 0.4
P00441 Superoxide dismutase [Cu-Zn] 2.93 ± 1.87 0.19 ± 0.41 0.06 2.93 ± 1.87 0.25 ± 0.72 0.09
P05452 Tetranectin 2.53 ± 1.41 0.00 ± 0.00 0 2.53 ± 1.41 0.00 ± 0.00 0
P25311 Zinc-alpha-2-glycoprotein 8.92 ± 2.57 0.00 ± 0.00 0 8.92 ± 2.57 0.52 ± 1.12 0.06
P06727 Apolipoprotein A-IV 0.11 ± 0.32 5.51 ± 4.11 50.09
P02649 Apolipoprotein E 1.04 ± 1.80 3.92 ± 2.74 3.77

O43809 Cleavage and polyadenylation
specificity factor subunit 5 0.98 ± 0.68 0.21 ± 0.68 0.21

P01619 Immunoglobulin kappa variable
3–20 1.06 ± 1.34 0.00 ± 0.00 0

P24592 Insulin-like growth factor-binding
protein 6 1.88 ± 1.31 0.23 ± 0.72 0.12

Q9UBM4 Opticin 0.09 ± 0.26 0.64 ± 0.74 7.11
P0CG47 Polyubiquitin-B 1.54 ± 1.41 0.10 ± 0.33 0.06
P0CG48 Polyubiquitin-C 1.54 ± 1.41 0.10 ± 0.33 0.06

Q9ULS6 Potassium voltage-gated channel
subfamily S member 2 0.11 ± 0.32 0.65 ± 0.75 5.91

P62979 Ubiquitin-40S ribosomal protein
S27a 1.54 ± 1.41 0.10 ± 0.33 0.06

P62987 Ubiquitin-60S ribosomal protein
L40 1.54 ± 1.41 0.10 ± 0.33 0.06

P61769 Beta-2-microglobulin 5.22 ± 2.45 2.02 ± 1.83 0.39
P0C0L4 Complement C4-A 0.41 ± 0.82 2.16 ± 2.53 5.27
P0C0L5 Complement C4-B 0.41 ± 0.82 2.16 ± 2.53 5.27
P41222 Prostaglandin-H2 D-isomerase 11.39 ± 1.97 8.00 ± 1.65 0.71

Single risk, patients with the DM or smoking risk factor; double risk, patients with both the DM and smoking risk factors; control, cataract
patients with neither of these cataract risk factors; Spc, spectral count.

In a comparison of the double-risk-factor group with the cataract control group,
40 proteins were statistically significantly (p < 0.05) expressed (Table 4). Among the 51
proteins that were significantly changed, 10 proteins were increased in the single- or double-
risk groups, including 26S proteasome non-ATPase regulatory subunit 1, alpha-2-HS-
glycoprotein, apolipoprotein A-I, apolipoprotein A-II, apolipoprotein A-IV, apolipoprotein
E, opticin, potassium voltage-gated channel subfamily S member 2, complement C4-A,
and complement C4-B. Another 41 proteins exhibited decreased expression in the single-
or double-risk groups compared to cataract controls (Table 4). In particular, alpha-2-HS-
glycoprotein was the only one that presented a significant change among all three of the
groups (cataract control vs. single: p = 0.00338; cataract control vs. double: p = 0.00062;
single vs. double: p = 0.03309), which demonstrated an increasing trend with increase in
risk (Figure 4).
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Figure 4. Proteomics analysis revealed significant concentration changes in the alpha-2-HS-
glycoprotein (SpC, spectral count) among the three groups. Single risk, patients with the diabetes
mellitus (DM) or smoking risk factor; double risk, patients with both the DM and smoking risk
factors; control, cataract patients with neither of these cataract risk factors.

Furthermore, we performed an ELISA analysis to determine the concentration of alpha-
2-HS-glycoprotein. Compared to the cataract control group, the average concentration of
alpha-2-HS-glycoprotein was significantly higher in single-risk-factor group (0.43 μg/mL)
patients (0.16 μg/mL) (p = 0.002) (Figure 5).

Figure 5. ELISA analysis of significant concentration (μg/mL) changes of the alpha-2-HS-glycoprotein
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between risk factor and cataract control groups. However, there was no significant concentration
change between the single- and double-risk-factor groups. Single risk, patients with the diabetes
mellitus (DM) or smoking risk factor; double risk, patients with both the DM and smoking risk
factors; control, cataract patients with neither of these cataract risk factors.

Furthermore, the average concentration significantly increased in double-risk-factor
group (0.43 μg/mL) patients compared to the cataract control group (0.16 μg/mL) (p < 0.001)
(Figure 5). The ELISA analysis revealed significant concentration changes between the risk
factor and cataract control groups. However, there was no significant concentration change
between the single- and double-risk-factor groups. A subgroup analysis was performed to
confirm that DM and smoking risk factors significantly influenced the ELISA concentration
compared to the cataract control group (Figure 6).

Figure 6. (A) ELISA analysis of significant concentration (μg/mL) changes in the alpha-2-HS-
glycoprotein between the diabetes mellitus (DM) groups and cataract control group. (B) ELISA
analysis of significant concentration (μg/mL) changes in the alpha-2-HS-glycoprotein between the
smoking groups and cataract control group. DM group (n = 13): DM single-risk patients (n = 5) +
double-risk patients (n = 8); Non-DM group (n = 14): smoking single-risk patients (n = 5) + cataract
control group (n = 9); Smokers (n = 13): smoking single-risk patients (n = 5) + double-risk patients
(n = 8); Non-smokers (n = 14): DM single-risk patients (n = 5) + cataract control group (n = 9).
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In our study, we analyzed the aqueous protein contents of the AH samples of single-
risk and double-risk patients and a control group (with cataract) using label-free n-UPLC-
MS/MS quantitation. We reported that in cataract patients with different risk profiles,
51 AH proteins were significantly changed compared to cataract controls. The alpha-2-
HS-glycoprotein was significantly differently expressed between risk groups and cataract
controls and could be a potential aqueous protein marker for detecting smoking and DM
cataract risk factors. The increased levels of total protein concentrations were reported
in the AH, which provides a possible marker to monitor the AH of cataract risk expo-
sure. Note that additional studies exploring the roles of this protein in the development
or the pathogenesis molecular pathway of cataracts would be beneficial. To our knowl-
edge, this is the first study to analyze how cataract risk factors influenced the AH in the
development of cataract disease. We reported that only one protein had significantly
changed, which was the alpha-2-HS-glycoprotein; its expression increased in the presence
of risk factors. Alpha-2-HS-glycoprotein, known as fetuin-A, was reported to be a systemic
inhibitor of precipitation of basic calcium phosphate, thereby preventing unwanted calcifi-
cation [15] and influencing the mineral phase of bone [16]. The alpha-2-HS-glycoprotein
is synthesized in the liver, electively concentrated in the bone matrix, and secreted in
plasma. The dysfunction of the gene represented by this entry is associated with alopecia-
mental retardation syndrome [17]. There was previous evidence demonstrating that the
alpha-2-HS-glycoprotein was present in the rabbit AH following two different cataract
surgery incision procedures [18]; furthermore, there were significant decreases in the AH
of 5-year-old buphthalmic rabbits [19] but not in the 2-year-old group, demonstrating
that alpha-2-HS-glycoprotein alters with pathologic changes in DM, anterior lens capsule,
and the angular meshwork. In humans, it was shown to be an inhibitor of transforming
growth factor (TGF)-β2 [20], a protein that shows increased expression in the trabecular
meshwork (TM) in open-angle glaucoma causing extracellular matrix (ECM) deposition
in the human TM [21]. The alpha-2-HS-glycoprotein inhibits bone morphogenetic pro-
teins that are changed in the TM in open-angle glaucoma [22]. This evidence suggests
the potential interactions of the alpha-2-HS-glycoprotein with multiple proteins that are
important in open-angle glaucoma. However, there is scarce evidence demonstrating a
relationship between the alpha-2-HS-glycoprotein and cataract disease in human beings
to date. Interestingly, the serum levels of alpha-2-HS-glycoprotein, called fetuin-A, are
known to be highly associated with DM in humans. Initially, it was discussed in the context
of preventing glucose toxicity in early 2002 [23,24]. Then, in the past two decades, the
alpha-2-HS-glycoprotein was linked to insulin resistance, obesity, and cardiovascular dis-
eases [25–31]. Guo et al. and Roshanzamir et al. revealed evidence using meta-analyses that
higher serum alpha-2-HS-glycoprotein levels are associated with increased risk of type 2
DM [32,33]. All these previous studies reported the correlation of alpha-2-HS-glycoprotein
levels in urine [34] or serum [35] with diabetes. Yuksel et al. performed a serum and
AH alpha-2-HS-glycoprotein (fetuin-A) level comparison in pseudoexfoliation syndrome
(PEXS) patients [36]. They found significantly increased alpha-2-HS-glycoprotein levels
in the AH of patients with PEXS, but no correlation between the AH and serum levels of
alpha-2-HS-glycoprotein between the groups. They suggested that the increase in alpha-
2-HS-glycoprotein levels in the AH was due to disruption of the blood–aqueous barrier
because of the hypoperfusion and anterior chamber hypoxia in PEXS. Thus, until now
there was scarce evidence to prove that the serum level of alpha-2-HS-glycoprotein was
associated with that in AH. However, our results are the first to report that human aqueous
levels of the alpha-2-HS-glycoprotein are associated with diabetes risk factors for cataract
formation. The ELISA confirmation of aqueous alpha-2-HS-glycoprotein levels confirmed
these results. In certain diabetic patients, we provide a novel way of thinking about
changes in alpha-2-HS-glycoprotein levels in the circulation and in the aqueous fluid. We
suggest that the alpha-2-HS-glycoprotein could be an aqueous-specific marker of cataract
risk, which is highly associated with diabetes. The alpha-2-HS-glycoprotein is known
as an immune-reactive protein that was determined to be smoking- and age-associated
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with the development of head and neck cancers. The consistent association of chronic
smoking shows an immune reactivity status that changes the serum levels of alpha-2-HS-
glycoprotein in head and neck cancer patients [37]. Marechal et al. demonstrated a negative
correlation between serum fetuin-A levels and a history of smoking, in which fetuin-A
levels were determined by a common haplotype of the AHSG gene, low plasma cholesterol,
and a history of smoking in renal transplant recipients [38]. They considered that it might
reflect consequences of tobacco smoking on liver function, physical activity, or weight loss,
which increased aortic calcification and risk of cardiovascular events in renal transplant
recipients. These previous studies support our result that the alpha-2-HS-glycoprotein may
be associated with the smoking habit. We considered that the alpha-2-HS-glycoprotein
could be an aqueous-specific marker of cataract risks that is highly associated with smoking.
However, multiple limitations of this study should be reported. First, only eight to ten
samples in each group were investigated, and future large-scale studies could help confirm
our results. The small sample numbers may be attributed to ELISA, which could not
validate the proportional results of aqueous alpha-2-HS-glycoprotein levels in the three
groups. Second, only a small amount of AH could be obtained because of anatomical
features, which limited our ability to conduct subsequent validation assays. Third, the
development of multiplex immunoassays can be improved. Finally, we can only provide
the results of proteomic and ELISA data correlated with smoking and DM risk factors. The
exact pathway by which the alpha-2-HS-glycoprotein is involved in cataract pathogenesis
remains unclear. More future investigations of molecular pathways are required to discuss
how and why the proteomics data varied with smoking and DM, and finally to supply
better knowledge of cataracts for the whole of humanity. More studies are also required to
analyze the alpha-2-HS-glycoprotein levels in AH of non-diabetic cataract patients, along
with further serum and AH comparison analyses of cataract patients with diabetes. In
conclusion, our results are from a pioneering exploration of the protein profile for the risk
factors involved in cataracts. Cataracts form because of a complicated pathological process
involving several proteins that participate in immune reactions and metabolic processes
that were identified in AH using a proteomics analysis. The alpha-2-HS-glycoprotein,
called fetuin-a, could be a potential aqueous biomarker associated with DM and smoking,
which are cataract risk factors. Additional studies are required to complete the analysis
and to understand the functions of these cataract-specific proteins, which could provide
significant information for the diagnosis, clinical treatment, and prognosis of cataracts.
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31. Horshuns’ka, M.; Karachentsev, I.L.; Kravchun, N.O.; Ĭensen, E.; Leshchenko, Z.A.; Hladkykh, O.I.; Krasova, N.S.; Tyzhnenko,
T.V.; Opaleı̆ko, I.A.; Poltorak, V.V. Biological role of fetuin A and its potential importance for prediction of cardiovascular risk in
patients with type 2 diabetes mellitus. Ukr. Biokhim. Zh. 2013, 85, 10–21.

32. Guo, V.Y.; Cao, B.; Cai, C.; Cheng, K.K.Y.; Cheung, B.M.Y. Fetuin-A levels and risk of type 2 diabetes mellitus: A systematic
review and meta-analysis. Acta Diabetol. 2018, 55, 87–98. [CrossRef] [PubMed]

33. Roshanzamir, F.; Miraghajani, M.; Rouhani, M.H.; Mansourian, M.; Ghiasvand, R.; Safavi, S.M. The association between circulating
fetuin-A levels and type 2 diabetes mellitus risk: Systematic review and meta-analysis of observational studies. J. Endocrinol.
Investig. 2018, 41, 33–47. [CrossRef] [PubMed]

34. Inoue, K.; Wada, J.; Eguchi, J.; Nakatsuka, A.; Teshigawara, S.; Murakami, K.; Ogawa, D.; Takahiro, T. Urinary fetuin-A is a novel
marker for diabetic nephropathy in type 2 diabetes identified by lectin microarray. PLoS ONE 2013, 8, e77118. [CrossRef]

35. Ou, H.Y.; Yang, Y.C.; Wu, H.T.; Wu, J.S.; Lu, F.H.; Chang, C.J. Serum fetuin-A concentrations are elevated in subjects with impaired
glucose tolerance and newly diagnosed type 2 diabetes. Clin. Endocrinol. 2011, 75, 450–455. [CrossRef] [PubMed]

36. Yuksel, N.; Takmaz, T.; Turkcu, U.O.; Ergin, M.; Altinkaynak, H.; Bilgihan, A. Serum and Aqueous Humor Levels of Fetuin-A in
Pseudoexfoliation Syndrome. Curr. Eye Res. 2017, 42, 1378–1381. [CrossRef]

37. Wolf, G.T.; Chretien, P.B.; Weiss, J.F.; Edwards, B.K.; Spiegel, H.E. Effects of smoking and age on serum levels of immune reactive
proteins. Otolaryngol. Head Neck Surg. 1982, 90, 319–326.

38. Marechal, C.; Schlieper, G.; Nguyen, P.; Krüger, T.; Coche, E.; Robert, A.; Floege, J.; Goffin, E.; Jadoul, M.; Devuyst, O. Serum
fetuin-A levels are associated with vascular calcifications and predict cardiovascular events in renal transplant recipients. Clin. J.
Am. Soc. Nephrol. 2011, 6, 974–985. [CrossRef]

16



Citation: Iida, Y.; Shimizu, K.; Shoji,

N. Development of a New Method

for Calculating Intraocular Lens

Power after Myopic Laser In Situ

Keratomileusis by Combining the

Anterior–Posterior Ratio of the

Corneal Radius of the Curvature with

the Double-K Method. J. Clin. Med.

2022, 11, 522. https://doi.org/

10.3390/jcm11030522

Academic Editor: António Queirós

Pereira

Received: 16 November 2021

Accepted: 17 January 2022

Published: 20 January 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Journal of

Clinical Medicine

Article

Development of a New Method for Calculating Intraocular Lens
Power after Myopic Laser In Situ Keratomileusis by Combining
the Anterior–Posterior Ratio of the Corneal Radius of the
Curvature with the Double-K Method

Yoshihiko Iida 1,*, Kimiya Shimizu 2 and Nobuyuki Shoji 1

1 Department of Ophthalmology, Kitasato University School of Medicine, Sagamihara 252-0374, Japan;
nshoji@kitasato-u.ac.jp

2 Eye Center, Sanno Hospital, Tokyo 107-0052, Japan; kimiyas@iuhw.ac.jp
* Correspondence: yiida@kitasato-u.ac.jp

Abstract: Background: A new method, the Iida–Shimizu–Shoji (ISS) method, is proposed for calcu-
lating intraocular lens (IOL) power that combines the anterior–posterior ratio of the corneal radius
of the curvature after laser in situ keratomileusis (LASIK) and to compare the predictability of the
method with that of other IOL formulas after LASIK. Methods: The estimated corneal power before
LASIK (Kpre) in the double-K method was 43.86 D according to the American Society of Cataract and
Refractive Surgery calculator, and the K readings of the IOL master were used as the K values after
LASIK (Kpost). The factor for correcting the target refractive value (correcting factor [C-factor]) was
calculated from the correlation between the anterior–posterior ratio of the corneal radius of the curva-
ture and the refractive error obtained using this method for 30 eyes of 30 patients. Results: Fifty-nine
eyes of 59 patients were included. The mean values of the numerical and absolute prediction errors
obtained using the ISS method were −0.02 ± 0.45 diopter (D) and 0.35 ± 0.27 D, respectively. The
prediction errors using the ISS method were within ±0.25, ±0.50, and ±1.00 D in 49.2%, 76.3%, and
96.6% of the eyes, respectively. The predictability of the ISS method was comparable to or better than
some of the other formulas. Conclusions: The ISS method is useful for calculating the IOL power in
eyes treated with cataract surgery after LASIK.

Keywords: IOL power calculation after LASIK; no-history method; cataract surgery; anterior–
posterior ratio of the corneal radius of the curvature

1. Introduction

The opportunities to perform cataract surgery in patients who have undergone corneal
refractive surgeries such as laser in situ keratomileusis (LASIK) are increasing. The problem
in performing cataract surgery after corneal refractive surgery is the incorrect IOL power
calculation. Especially, the result of the IOL power calculation after myopic corneal refrac-
tive surgery causes a hyperopic shift [1–5]. The reason for residual hyperopia is inaccurate
measurement of K value after corneal refractive surgery and incorrect effective lens posi-
tion (ELP) calculated using third-generation theoretical formulas in which the post-corneal
refractive surgery K value that was flattened is used [6,7]. A number of theoretical and
empirical approaches have been proposed to solve this problem [1–5,7–27].

Among the approaches, the double-K method, described by Arramberri [7] in 2003,
enables more accurate IOL power calculation by estimating the ELP using pre-refractive
surgery corneal measurements (Kpre) and the subjective refractive value-derived K values
(clinical history method) as Kpost for optical calculations without using the post-refractive
surgery corneal measurements. This principle makes sense; however, many patients
unfortunately do not have the necessary data for the clinical history method, such as Kpre
and subjective refractive values before and after refractive surgery.
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Corneal refractive power measurements are inaccurate in the post-refractive surgery
eye, because the assumption of estimating total corneal refractive power from the radius
of the curvature of the corneal anterior surface, an algorithm used by keratometers and
topographers, is not valid. The reason is the change in the relationship between the
anterior and posterior corneal radii of the curvature, which is no longer 7.5/6.3 [8]. This
invalidates the value of the different corneal indexes of refraction (standardized index
of refraction = 1.3375), which allows total corneal power calculation from the anterior
surface radius of the curvature in nonoperated eyes [9,10]. The Scheimpflug anterior
segment imaging system (Pentacam, Oculus GmbH) can measure the posterior corneal
radii. Excimer laser ablation thins the corneal thickness and flattens the curvature plane of
the anterior cornea, which changes the corneal refractive power. In the case of excimer laser
ablation, the greater the amount of correction and anterior–posterior ratio of the corneal
radius, the greater the error in the K value.

In cases where the double-K method is performed (in which we do not have pre-
refractive surgery data), the prediction error is expected to depend on the anterior–posterior
ratio of the corneal radius when using postoperative keratometric K values for the double-
K method. This study devised a new no-history method, the Iida–Shimizu–Shoji (ISS)
method, based on the double-K method using the prediction error induced by the ratio
of the anterior and posterior radii of the corneal curvature after LASIK. This method can
calculate IOL frequencies without relying on preoperative data. The accuracy of this new
method was compared with other formulas in eyes after LASIK.

2. Materials and Methods

2.1. Patients and Methods

This study included Japanese patients who underwent cataract surgery after LASIK at
the Department of Ophthalmology, Kitasato University Hospital. This retrospective review
of the data was approved by the Institutional Review Board at the Kitasato University
(B17-292) and conformed to the Declaration of Helsinki.

2.2. Cataract Surgical Procedures

For the cataract surgery, standard phacoemulsification was performed using topical
anesthesia. The surgical technique consisted of capsulorhexis, nucleus, and cortex extrac-
tions, as well as IOL implantation, through a 2.8 mm temporal clear corneal incision, in
all the cases. Nontoric monofocal IOLs (AQ-110NV, STAAR Surgical, Chiba, Japan) were
implanted. All the surgeries were uneventfully performed by two experienced surgeons
(Y.I. and K.S.) using the same technique.

2.3. Estimation of Refractive Error in the Double-K Method Induced by the Anterior–Posterior
Ratio of the Corneal Radii

To establish a method for estimating the refractive error in the double-K method
induced by the anterior–posterior ratio of the corneal radii, we retrospectively studied
30 eyes of 30 consecutive patients who underwent cataract surgery after LASIK for myopia.
Only one type of IOL (AQ-110NV) was used for each eligible case; one eye was used
per patient; and, for cases in which surgery was performed on both eyes, the eye of the
previously operated eye was included. All patients did not have relevant historical data.
Table 1 shows the patient parameters.

The axial length (L) and K readings were measured with the IOL master partial
coherence interferometer device (Carl Zeiss Meditec, Jena, Germany) in all of the cases.
Corneal topography using the Pentacam Scheimpflug system was performed before cataract
surgery for each patient. The ratio between the anterior and posterior radii of the corneal
curvature, which were the averages of the central radii of the steep and flat meridians in the
3.0 mm zone measured with the Pentacam Scheimpflug system, respectively, was defined
as the anterior–posterior (A–P) ratio. The estimated corneal power before corneal refractive
surgery (Kpre) in the double-K method was 43.86 D according to the American Society of
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Cataract and Refractive Surgery (ASCRS) calculator (https://iolcalc.ascrs.org/, accessed on
20 June 2021), and the K readings of the IOL master were used as the K value after corneal
refractive sur-gery (Kpost). The IOL power calculation used the double-K method based
on the SRK/T formula with Kpre and Kpost, as mentioned earlier. The double-K method
was calculated by entering the data into a spreadsheet software (Microsoft Excel):

Predicted postoperative re f raction

=
1000na(narpost−(nc−1)LOPT)−LP(LOPT−ACDest)(narpost−(nc−1)ACDest)

na(V(narpost−(nc−1)LOPT)+LOPTrpost)−0.001LP(LOPT−ACDest)(V(narpost−(nc−1)ACDest)+ACDestrpost)
(1)

where na is the refractive index of intraocular media (1.336), rpost is the radius of curvature
of the anterior corneal surface measured by IOL master (rpost = 337.5/Kpost), nc is the
refractive index of the cornea (1.333), LOPT is the adjusted axial length considering that is
measured with optical biometry (L + 0.65696 − 0.02029 L), LP is the implanted IOL power,
and ACDest is the ELP (named ACDest in the original publication [6,7]) of the double-K
method. ACDest is calculated from corneal height in mm and Offset, where the corneal
height is calculated using Kpre (43.86D); offset is calculated from A constants.

Table 1. Parameters of patients who underwent cataract surgery after corneal refractive surgery used
for obtaining the regression formula to estimate the C-factor of the ISS method.

Parameter
Post-LASIK (n = 30)
Mean ± SD (Range)

Age (years) 55.4 ± 10.3 (22–71)

Axial length (mm) 26.75 ± 1.67 (24.81–29.63)

Mean K by IOL master (D)
Mean corneal radius of curvature by IOL master (mm)
(keratometric index = 1.3375)

38.90 ± 2.35 (33.08–41.88)
8.68 ± 0.56 (8.06–10.20)

Mean anterior corneal radius of curvature by Pentacam (mm) 8.73 ± 0.58 (7.97–10.45)

Mean posterior corneal radius of curvature by Pentacam (mm) 6.33 ± 0.26 (5.71–6.88)
K = keratometric readings; D = diopter; LASIK = laser in situ keratomileusis.

The prediction errors were calculated by subtracting the predicted postoperative refrac-
tion from the postoperative manifest refraction (spherical equivalent) 1 month after cataract
surgery. The prediction error and A–P ratio were plotted on a scattergram (Figure 1).

The two parameters were significantly correlated (Pearson correlation coefficient,
R = 0.678, p < 0.001), and the best-fit regression equation was obtained as follows:

y = 3.28 x − 4.00. (2)

The predicted refraction error obtained from this regression equation was defined as
the correction factor (C-factor):

C-factor = 3.28 × A-P ratio − 4.00. (3)

The ISS method corrects the target refraction value of the double-K method based on
the SRK/T formula by adding the C-factor (C). The predicted refraction by the ISS method
is expressed as follows:

Predicted postoperative re f raction by the ISS method

=
1000na(narpost−(nc−1) LOPT )− LP ( LOPT − ACD est )(narpost−(nc−1) ACD est )

na(V(narpost−(nc−1)LOPT)+LOPTrpost)−0.001LP(LOPT−ACDest)(V(narpost−(nC−1)ACDest)+ACDestrpost)
+ C

(4)
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The IOL power for the desired refraction using the ISS method is obtained as follows:

Lpower f or the desired re f raction using the ISS method

=
1000na(narpost−(nc−1)LOPT−0.001(DR−C)(V(narpost−(nC−1)LOPT)+ LOPT rpost)

(LOPT−ACDest)(narpost−(nc−1)ACDest−0.001(DR−C)(V(narpost−(nc−1)ACDest)+ACDestrpost)
(5)

where DR is the desired refraction after cataract surgery, C is the C-factor, and V is the
vertex distance (12 mm).

Figure 1. Correlation between the anterior–posterior ratio of corneal radii and refractive prediction
error (Pearson correlation coefficient, R = 0.678, p < 0.001).

2.4. Intraocular Lens Power Calculations Using the ISS Method and Comparison of the
Predictability of the ISS Method with That of Other Formulas or Methods

Fifty-nine eyes of 59 consecutive patients in another group who underwent cataract
surgery after the group studied in item 2.3 were included in the study. Table 2 shows the
patient parameters. The IOL power was calculated using the ISS method. The postoperative
refraction (manifest refraction) was obtained 1 month after cataract surgery.

The predictability of the ISS method was compared with the Shammas no-history
method [15,22], Haigis-L formula [24], Potvin–Hill pentacam method [25], and Barrett True
K no-history formula [28,29]. These IOL calculation formulas or methods do not require
preoperative data and were performed using the ASCRS IOL power calculator.

The prediction refractive error was calculated from the difference between the actual
postoperative manifest refraction and the predicted refraction for each formula or method.
The mean numerical error; median absolute error; mean absolute error; and percentages
of eyes within ±0.25, ±0.50, and ±1.00 D of the target refraction were compared among
formulas and methods.

2.5. Statistical Analyses

We conducted statistical analyses using commercially available statistical software
(BellCurve for Excel, Social Survey Research Information Co., Ltd., Tokyo, Japan). The
relationship between two sets of data was analyzed using Pearson correlation coefficient
test. The one-sample t-test was used to assess whether the mean numerical refraction
prediction errors produced by the various methods were significantly different from zero.
The Wilcoxon signed-rank test was used to compare the absolute predicted refractive error
with the ISS-method and with the other formulas. The percentages of eyes within ±0.25,
±0.50, and ±1.00 D of the target correction were compared with the ISS method and other
calculation methods using the Fisher exact test. The Bonferroni correction was applied for
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multiple tests. The results were expressed as mean ± standard deviation, and values of
p < 0.05 were considered statistically significant.

Table 2. Parameters in patients who underwent cataract surgery after LASIK in comparing the
predictability of the various formulas (n = 59).

Mean ± SD (Range)

Age (years) 59.0 ± 9.3 (36–77)

Axial length (mm) 27.01 ± 1.94 (23.99–32.76)

Mean K by IOL master (D)
Mean corneal radius of curvature by IOL master
(mm)(keratometric index = 1.3375)

38.95 ± 2.54 (33.84–43.25)
8.66 ± 0.57 (7.80–9.97)

Mean anterior corneal radius of curvature by Pentacam (mm) 8.68 ± 0.55 (7.81–9.86)

Mean posterior corneal radius of curvature by Pentacam (mm) 6.36 ± 0.29 (5.70–7.31)

TNP (4.0 mm) by Pentacam (D) 37.30 ± 2.55 (31.60–41.80)
K = keratometric readings; D = diopter; LASIK = laser in situ keratomileusis, TNP = true net power.

3. Results

The mean values of the numerical and absolute prediction errors using the ISS method
were −0.02 ± 0.45 D (range, −1.11 to 0.96 D) and 0.35 ± 0.27 D (range, 0.01 to 1.11 D),
respectively. The median value of the absolute prediction errors was 0.29 D. The prediction
errors using the ISS method were within ±0.25 D in 29 eyes (49.2%), ±0.50 D in 45 eyes
(76.3%), and ±1.00 D in 57 eyes (96.6%).

Figure 2 shows the distributions of the prediction errors. Table 3 shows the numerical
and absolute prediction errors of the targeted refraction retrospectively when various
formulas were used. In terms of numerical prediction errors, the Shammas no-history
method showed a statistically significant difference from zero and myopic shift. In terms
of median absolute error, the ISS method median absolute error was significantly lower
than those of Shammas no-history method (p = 0.028) and Potvin–Hill pentacam methods
(p = 0.025).

Figure 3 shows the percentages of eyes within ±0.25, ±0.50, and ±1.00 D from the
target refraction. There were no statistically significant differences between the groups.

Table 3. The refractive prediction error of the targeted refraction using the various formulas.

Formula/Method

Refractive Prediction Error (D)

Numerical Absolute

Mean ± SD
(Range)

p-Value
Mean ± SD

(Range)
Median

p-Value vs.
ISS

ISS
−0.02 ± 0.45

0.770
0.35 ± 0.27

0.29 N/A(−1.11–0.96) (0.01–1.11)

Shammas
−0.20 ± 0.54

0.005 *
0.45 ± 0.36

0.29 0.028 *(−1.42–1.36) (0.00–1.42)

Haigis-L 0.07 ± 0.59
0.361

0.45 ± 0.38
0.37 0.199(−1.26–1.59) (0.00–1.59)

Potvin–Hill
0.13 ± 0.65

0.124
0.50 ± 0.43

0.38 0.025 *(−1.05–2.34) (0.02–2.34)

Barrett True K
0.02 ± 0.58

0.754
0.43 ± 0.39

0.28 0.581(−1.16–1.61) (0.03–1.61)
* p < 0.05. ISS = Iida–Shimizu–Shoji method, Shammas = Shammas no-history method, Haigis-L = Haigis-L
formula, Potvin–Hill = Potvin–Hill pentacam method, Barrett True K = Barrett True K no-history formula.
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Figure 2. Intraocular lens power prediction errors using various methods (ISS = Iida–Shimizu–Shoji
method; Shammas = Shammas no-history method; Haigis-L = Haigis-L formula; Potvin–Hill =
Potvin–Hill pentacam method; Barrett True K = Barrett True K ho-history formula).

Figure 3. Comparison of the percentages of eyes within ±0.25, ±0.50, and ±1.00 D from the
target refraction between IOL power calculation formulas (ISS = Iida–Shimizu–Shoji method;
Shammas = Shammas no-history method; Haigis-L = Haigis-L formula; Potvin–Hill = Potvin–Hill
pentacam method; Barrett True K = Barrett True K no-history formula).

4. Discussion

In this study, we examined the predictability of the ISS method, a no-history method
we devised, and the formula for post-refractive surgery that can be calculated with the
ASCRS calculator. The predictability of the ISS method was not only comparable to that of
other formulas, but also better than that of some other formulas.
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The principle of the ISS method is simple: the predicted refractive value is calculated
using the C-factor, which is calculated from the correlation between the refractive error
obtained by the double-K method and the A–P ratio of the radius of curvature of the cornea.

Preoperative data are required for Kpre, which is used in the double-K method, and
Kpost must be obtained using the clinical history method, but if preoperative data are
sometimes not available, the calculation cannot be performed. When selecting preoperative
and postoperative data, care should be taken to select the timing of the data. Refractive
changes not only in the cornea, but also in the lens may be included in the data. Wang
et al. reported that the no-history method had better predictability than the method using
preoperative data or changes in refractive values before and after refractive surgery [30].

Each of the no-history methods available in the ASCRS calculator has the follow-
ing characteristics: the Shammas no-history method uses regression analysis to estimate
corneal power after LASIK/PRK by adjusting the K measurement (Kpost), and the Kpost
is the average K value from the IOLMaster. The Shammas-PL formula is used for IOL
power calculation [15,22]. The Haigis-L formula takes the corneal radius measured by the
IOLMaster and generates a corrected corneal radius using the Haigis-L algorithm, which is
then used in the normal Haigis formula to calculate the IOL power after myopic laser vision
correction [24]. The Potvin–Hill pentacam method uses regression analysis to estimate
corneal power after LASIK/PRK using the TNP_Apex_Zone40 values from pentacam and
values for ocular axial length and anterior chamber depth (if available). This method uses
the Shammas-PL formula to calculate IOL power [25]. The Barrett True-K formula uses the
Universal II formula, which is a modification of the original Universal Theory formula [28].
The other is the “True-K no-history formula”, which is calculated only from data obtained
when the patient undergoes cataract surgery. Details regarding the design of the True-K
and Universal II formulas have not been released.

In the present study, the numeric refractive prediction error of the Shammas no-history
method was significantly far from 0 D and myopic shifted, and the absolute refractive
prediction error was significantly larger in the Shammas no-history method and Potvin–
Hill pentacam methods than in the ISS method. As the Shammas-PL formula was used
to calculate IOL power in the Potvin–Hill pentacam method, it is possible that these two
formulas caused the significant difference.

In comparison with the figures in the literature, in 104 eyes with previous LASIK,
Wang et al. reported that the median absolute refractive prediction error of 0.39 D for
Haigis-L, 0.48 D for Shammas, and 0.42 D for Barrett True-K [31]. In 246 eyes with previous
LASIK/PRK, Ianchulev et al. reported a median absolute refractive error of 0.53 D for
Haigis-L and 0.51 D for Shammas [32]. In 58 eyes with previous LASIK/PRK, Abulafia et al.
reported a median absolute refractive error of 0.46 D for Shammas, 0.58 D for Haigis-L, and
0.33 D for Barrett True-K [29]. Our study showed better results than these reports, but this
difference is probably due to differences in the population groups studied and whether or
not the type of IOL was standardized.

Although the formula is not included in the ASCRS calculator, as a calculation method
using the same pentacam and using the anterior–posterior surface of the corneal radius
of curvature, Saiki et al. focused on the fact that the posterior corneal surface data did
not change before and after excimer laser corneal refractive surgery and developed the
posterior corneal curvature radius; they developed the A–P method to estimate Kpre before
corneal refractive surgery based on the radius [26,27]. However, even if the preoperative
K value can be predicted, as long as the third-generation IOL power formula involving
K value is used to calculate ELP, it is known that the use of K value to calculate ELP can
be one of the causes of refractive error even in cases without refractive surgery [33], so
refractive may contain at least the same amount of refractive error factors as cataract cases
that have not undergone surgery.

The ISS method uses a constant value of 43.86 D as Kpre, which is used in the ASCRS
calculator. Although accurate prediction of ELP is difficult, setting Kpre to a constant value
in the ISS method reduces the effect on the K value on the refractive error characteristic of
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the third-generation IOL power calculation formula, because the K value is involved in the
calculation of ELP, and this may be one of the reasons the refractive error becomes smaller.

There are limitations to this study. The main limitation is the small sample size. The C
factor used in the ISS method was calculated using a regression equation, but only 30 eyes
were subject to this regression equation for post-LASIK cataract surgery cases. However,
we believe that we were able to eliminate the influence of internal correlation by targeting
one eye per case and that of refractive error by the type of IOL by limiting to one type of
IOL. In addition, by increasing the number of cases in the regression equation in the future,
we may be able to adjust the C-factor and further improve the prediction accuracy. The
number of cases in the group that compared the ISS method with the other methods was
59 eyes, but they were consecutive cases that were completely different from the cases used
in the regression equation for determining the C-factor; in addition, like the cases in the
regression equation, they were limited to one person, one eye, and one type of IOL.

In conclusion, multiple calculation methods are available for calculating the IOL power
after refractive surgery, and it is necessary to select an IOL by calculating from multiple
options. The no-history method can be calculated in all the cases, including those with
preoperative data, and the ISS method can be useful for calculating the IOL power in eyes
that have undergone cataract surgery after LASIK.
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Abstract: Purpose: To predict the effective lens position (ELP) using conditional process analysis
according to preoperative axial length. Setting: Yeouido St. Mary hospital. Design: A retrospective
case series. Methods: This study included 621 eyes from 621 patients who underwent conventional
cataract surgery at Yeouido St. Mary Hospital. Preoperative axial length (AL), mean corneal power
(K), and anterior chamber depth (ACD) were measured by partial coherence interferometry. AL was
used as an independent variable for the prediction of ELP, and 621 eyes were classified into four
groups according to AL. Using conditional process analysis, we developed 24 structural equation
models, with ACD and K acting as mediator, moderator or not included as variables, and investigated
the model that best predicted ELP. Results: When AL was 23.0 mm or shorter, the predictability for
ELP was highest when ACD and K acted as moderating variables (R2 = 0.217). When AL was between
23.0 mm and 24.5 mm or longer than 26.0 mm, the predictability was highest when K acted as a
mediating variable and ACD acted as a moderating variable (R2 = 0.217 and R2 = 0.401). On the other
hand, when AL ranged from 24.5 mm to 26.0 mm, the model with ACD as a mediating variable and
K as a moderating variable was the most accurate (R2 = 0.220). Conclusions: The optimal structural
equation model for ELP prediction in each group varied according to AL. Conditional process analysis
can be an alternative to conventional multiple linear regression analysis in ELP prediction.

Keywords: axial length; conditional process analysis; effective lens position; intraocular lens power
calculation

1. Introduction

The accuracy of intraocular lens (IOL) power calculation is a matter of great importance
in cataract surgery [1,2]. IOL power is determined by three factors: preoperative biometric
data (axial length (AL), anterior chamber depth (ACD), and mean corneal power (K)), the
IOL power calculation formula, and the IOL constant [3]. Cataract surgeons have aimed to
create an IOL formula for the determination of the ideal refractive outcome. The prediction
of postoperative ACD or effective lens position (ELP) is the most important process in IOL
power calculation, and IOL power calculation error is, for the most part, due to errors in
predicting ELP [4].

Although more than 10 years have passed since the concept of the Haigis formula was
introduced, it still shows high predictive accuracy [5,6]. The T2 formula, using only AL
and K for ELP, shows the highest predictive accuracy [5,7]. However, there is an important
limitation that the two formulas above are designed based on multiple linear regression
analysis [8,9]. A multiple linear regression analysis, in principle, requires the independence
of explanatory variables. However, ACD and K have significant relationships with AL,
which can cause errors. Statistically, the explanatory variables used in ELP prediction are
considered to have a collinearity problem [10,11].
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Hayes presented dozens of models in PROCESS macros for conditional process anal-
ysis [12–14]. Conditional process analysis includes not only independent variables, but
also the concept of a mediating variable and a moderating variable. Using this method, we
can solve the problem of multicollinearity and identify relationships between explanatory
variables and develop a more accurate structural equation model for a dependent variable.

In this study, considering that the formula yielding excellent accuracy differs according
to AL, we divided a total of 621 eyes into four groups according to AL. We determined the
ideal model for predicting ELP in each group on the basis of conditional process analysis
and the results were compared with existing IOL formula derived from a multiple linear
regression analysis.

2. Materials and Methods

This retrospective case series study included 621 eyes of 621 patients who underwent
uneventful and micro-coaxial phacoemulsification cataract surgery without any intraopera-
tive complications between March 2018 and September 2019. None of the patients had a
history of ocular disease, previous ocular surgery, or general disorders affecting the cornea.
Exclusion criteria were amblyopia, corneal opacity, glaucoma, retinal disease, history of
ocular inflammation, history of ocular trauma, and history of exposure to other intraocular
surgeries. The study methods adhered to the tenets of the Declaration of Helsinki for
use of human participants in biomedical research. The Institutional Review Board (IRB
#SC20RASI0071) for Human Studies at Yeouido St. Mary’s Hospital approved this study,
and informed consent was exempted by IRB of Yeouido St. Mary’s Hospital.

Preoperative biometric measurements, such as K of anterior surface, ACD, and AL,
were obtained with an IOLMaster optical biometer (version 5, Carl Zeiss, Oberkochen,
Germany) to calculate IOL power. All procedures were performed by two surgeons
(H.S. Kim and W.J. Whang). All patients underwent cataract surgery through a 2.2 mm
micro coaxial incision under topical anesthesia (proparacaine hydrochloride 0.5%, Alcaine,
Alcon). After performing continuous curvilinear capsulorhexis with an intended diameter
of 5.0 mm and hydrodissection, phacoemulsification of the nucleus was performed using
an OZil torsional handpiece with the Centurion vision system (Alcon, Fort Worth, TX, USA).
Following phacoemulsification, the intraocular lens (ZCB00, Johnson & Johnson Vision,
Santa Ana, CA, USA) was inserted into the capsular bag using an injector and disposable
cartridge system before removing the ophthalmic viscosurgical device. Finally, a balanced
salt solution was injected into the corneal incision site with stromal hydration. After the
surgery, postoperative antibiotic and corticosteroid eye drops were used four times daily
and tapered over a month.

Subjective refraction was measured 3 months postoperatively with manifest refraction
by an experienced ophthalmologist (J. Y. Lee) and ELP was back-calculated using the
following thin-lens formula [15]:

IOL power =
1336

AL − ELP
− 1336

1336
Z − ELP

Z =
(nc − 1)× 1000

r
+

1000
1000

PostRx − VD

where nc is the fictious corneal refractive index (1.3315), r (millimeter) is the mean value of
the preoperative corneal radius, PostRx is the postoperative spherical equivalent, and VD
(millimeter) is the vertex distance.

The 621 eyes were stratified into 4 subgroups to investigate the appropriate structural
equation model according to the preoperative AL:

1. AL ≤ 23.0 mm (n = 144)
2. 23.0 mm < AL ≤ 24.5 mm (n = 291)
3. 24.5 mm < AL ≤ 26.0 mm (n = 119)
4. AL > 26.0 mm (n = 67)
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The ELP prediction error was defined as the value calculated by subtracting the
predicted ELP from the back calculated ELP based on the thin-lens formula described above.
Conditional process analysis was defined as the method for calculating ELP prediction
in the present study. The accuracy of refractive outcomes (prediction error (PE), median
absolute error (MedAE), and mean absolute error (MAE)) using conditional process analysis
was compared to those using the Haigis formula. Refractive outcomes using the Haigis
formula were calculated using an optimized IOL constant for the IOLMaster (ZCB00;
a0 = −1.302, a1 = 0.210 and a2 = 0.251 based on ULIB site) and the zeroing of ME was
performed based on the analysis methods suggested by Hoffer et al. [16]. PE was defined
as the actual postoperative spherical equivalent minus the predicted spherical equivalent
using the IOL power actually implanted. MedAE and MAE were the median and the
average from the absolute value of the PE, respectively. The percentages of eyes with PE
within ±0.25 D, ±0.50 D and ±1.00 D were also obtained.

Statistical Analysis

Pearson’s correlation tests were performed to determine the strength of association
between AL and other variables. A multiple linear regression test was used to develop
an ELP prediction equation using AL and ACD. A PROCESS macro for SPSS statistical
software (version 21.0, SPSS, Inc., Chicago, IL, USA) was used for conditional process
analysis. In model templates for the PROCESS macro, we chose models that consist of two
or three explanatory variables. Additionally, under the assumption that the AL is the most
important variable for ELP prediction, AL was set as an independent variable and ELP was
set as a dependent variable. ACD and K were used as mediating variables or moderating
variables, or not used. The models adopted in this study are listed in Table 1. We found
the ideal combination with the highest R2 value in 24 cases derived from 12 models in
each subgroup.

Table 1. Models with 3 variables for the prediction of effective lens position (ELP). The axial length
(AL) was set as an independent variable and ELP was set as a dependent variable. Each model was
provided by PROCESS macro for conditional process analysis [12–14].

Model
Number from PROCESS

Macro [12–14]
Case Mediating Variable Moderating Variable

1
case 1 ACD

case 2 K

2 case 1 ACD and K

3
case 1 ACD as a primary variable

K as a secondary variable

case 2 K as a primary variable
ACD as a secondary variable

4
case 1 ACD

case 2 K

case 3 ACD and K

5
case 1 ACD K

case 2 K ACD

6
case 1 ACD as a first variable

K as a second variable

case 2 K as a first variable
ACD as a second variable
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Table 1. Cont.

Model
Number from PROCESS

Macro [12–14]
Case Mediating Variable Moderating Variable

7
case 1 ACD K as a moderating variable for ACD

case 2 K ACD as a moderating variable for K

8
case 1 ACD K as a moderating variable for ACD and ELP

case 2 K ACD as a moderating variable for K and ELP

14
case 1 ACD K as a moderating variable in the process from ACD

to ELP

case 2 K ACD as a moderating variable in the process from K
to ELP

15
case 1 ACD K as a moderating variable in the processes from

ACD to ELP and from AL to ELP

case 2 K ACD as a moderating variable in the processes from
K to ELP and from AL to ELP

58
case 1 ACD K as a moderating variable in the processes from AL

to ACD and from ACD to ELP

case 2 K ACD as a moderating variable in the process from
AL to K and from K to ELP

59
case 1 ACD K as a moderating variable in the processes from AL

to ACD, from ACD to ELP, and from AL to ELP

case 2 K ACD as a moderating variable in the process from
AL to K, from K to ELP, and from AL to ELP

ACD = anterior chamber depth; K = mean corneal dioptric power.

3. Results

Demographic data for a total of 621 eyes are listed in Table 2. AL ranged from 21.41
to 30.60 mm, with a mean of 24.08 ± 1.54 mm; ACD ranged from 2.02 to 4.29 mm, with
a mean of 3.20 ± 0.41 mm; and K ranged from 40.30 to 49.28 diopter, with a mean of
44.12 ± 1.42 diopter. ELP ranged from 3.67 to 8.76 mm, with a mean of 5.16 ± 0.63 mm.
The three preoperative parameters and ELP in the four subgroups are listed in Table 3.

Table 2. Demographic data in this study.

Number Mean Min. Max.

Axial length (mm) 621 24.08 ± 1.54 21.41 30.60

Anterior chamber depth (mm) 621 3.20 ± 0.41 2.02 4.29

Mean keratometry (diopter) 621 44.12 ± 1.42 40.30 49.28

Age 621 69.46 ± 10.20 37 98

Effective lens position (mm) 621 5.16 ± 0.63 3.67 8.76

IOL power (diopter) 621 19.98 ± 3.47 5.5 27.0

Postoperative spherical equivalent of refraction (diopter) 621 −0.85 ± 1.06 −4.13 1.00

Figure 1 shows the relationship between AL and the other two variables used in
structural equation models. When all the 621 eyes were analyzed at once, AL and ACD
showed a positive correlation, and AL and K showed a negative correlation (r = 0.588;
p < 0.001 and −0.362; p < 0.001, respectively). However, in the subgroup analysis, both
parameters showed significant correlations when AL was 24.5 mm or shorter (all p < 0.001).

Figure 2 demonstrates structural equation models with the highest R2 value among
24 cases in four subgroups. When AL was shorter than 23.0 mm, the model where both
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K and ACD acted as the moderating factor (Model 2 from PROCESS macro) showed the
highest R2 value (0.217, p < 0.001, Figure 2a). When AL ranged from 23.0 to 24.5 mm, the
R2 value (0.217, p < 0.001) was highest with Model 15 (K as a mediating variable, ACD
as a moderating variable in both the process from AL to ELP and the process from K to
ELP, Figure 2b). In the range of AL between 24.5 mm and 26.0 mm, unlike the above, when
ACD acts as a mediating variable and K acts as a moderating variable in the processes of
influencing ELP, the R2 value (0.220, p < 0.001) is highest (Figure 2c). Figure 2d shows the
model when AL was longer than 26.0 mm. The predictability is highest (R2 value = 0.401,
p < 0.001) with K as a mediating variable and ACD as a moderating variable.

Table 3. Demographic data in 4 subgroups classified according to preoperative axial length (AL).

Number Mean Min. Max.

AL ≤ 23.0 mm

AL (mm) 144 22.42 ± 0.39 21.41 23.00

ACD (mm) 144 2.86 ± 0.34 2.23 3.68

K (D) 144 45.26 ± 1.24 42.32 48.63

ELP (mm) 144 4.75 ± 0.40 3.67 5.69

23.0 mm < AL ≤ 24.5 mm

AL (mm) 291 23.67 ± 0.41 23.01 24.50

ACD (mm) 291 3.17 ± 0.33 2.02 4.11

K (D) 291 43.93 ± 1.23 40.82 49.28

ELP (mm) 291 5.02 ± 0.39 3.95 6.56

24.5 mm < AL ≤ 26.0 mm

AL (mm) 119 25.05 ± 0.37 24.51 25.99

ACD (mm) 119 3.43 ± 0.31 2.56 4.13

K (D) 119 43.48 ± 1.44 40.30 47.05

ELP (mm) 119 5.38 ± 0.48 4.21 7.05

AL > 26.0 mm

AL (mm) 67 27.50 ± 1.17 26.06 30.60

ACD (mm) 67 3.64 ± 0.30 3.01 4.29

K (D) 67 43.64 ± 1.17 40.38 45.65

ELP (mm) 67 6.25 ± 0.76 4.98 8.76

ACD = anterior chamber depth; K = mean corneal dioptric power; ELP = effective lens position; D = diopter.

 
(a) (b) 

Figure 1. Cont.
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(c) (d) 

 

 

(e) 

Figure 1. The relationships between axial length (AL) and other variables for structural
equation models. (a) Total 621 eyes; (b) AL ≤ 23.0 mm; (c) 23.0 mm < AL ≤ 24.5 mm;
(d) 24.5 mm < AL ≤ 26.0 mm; (e) AL > 26.0 mm. K = mean corneal dioptric power; ACD = anterior
chamber depth.

Table 4 shows regression formulas derived from a multiple linear regression analysis
using AL and ACD in a total of 621 eyes and conditional process analysis.

The mean ELP prediction error and the predictive accuracy from the above two
analysis methods are listed in Table 5. The results from conditional process analysis yielded
lower standard deviation (SD) of mean ELP prediction error, lower SD of mean prediction
error, lower median absolute error and lower mean absolute error compared with results
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from a multiple regression test. It also produced higher percentages within ±0.25, ±0.50,
and ±1.00 diopter.

 
(a) (b) 

 
(c) (d) 

Figure 2. The structural equation models for the prediction of effective lens position (ELP)
in each range of axial length (AL). (a) AL ≤ 23.0 mm; (b) 23.0 mm < AL ≤ 24.5 mm;
(c) 24.5 mm < AL ≤ 26.0 mm; (d) AL > 26.0 mm. K = mean corneal dioptric power; ACD = anterior
chamber depth.

Table 4. Regression formulas for prediction of effective lens position according to preoperative
axial length.

Regression Formula for ELP Prediction

Haigis Formula Conditional Process Analysis

AL ≤ 23.0 mm

−2.123 + 0.288 × AL + 0.107 × ACD

78.662 − 3.527 × AL + 8.784 × ACD − 2.399 × K
−0.393 × AL × ACD + 0.112 × AL × K

23.0 mm < AL ≤ 24.5 mm 25.237 − 0.443 × AL − 10.495× ACD − 0.225 × K
+ 0.254 × AL × ACD + 0.103 × ACD × K

24.5 mm < AL ≤ 26.0 mm −236.636 + 10.309 × AL − 5.945 × ACD + 5.380 × K
−0.231 × AL × K + 0.143 × ACD × K

AL > 26.0 mm −49.768 + 0.870 × AL + 11.757 × ACD + 0.722 × K
−0.123 × AL × ACD − 0.188 × ACD × K

ACD = anterior chamber depth; AL = axial length; K = mean corneal dioptric power; ELP = effective lens position.
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Table 5. Predictive outcomes derived from the Haigis formula and conditional process analysis.

Haigis Formula Conditional Process Analysis

Mean ELP prediction error (D) 0.000 ± 0.424 0.000 ± 0.396

Mean prediction error (D) 0.000 ± 0.521 0.000 ± 0.488

Median absolute error (D) 0.344 0.331

Mean absolute error (D) 0.408 ± 0.324 0.386 ± 0.299

Percentages of Eyes within
(D)

±0.25 39.1 39.8

±0.50 68.6 70.9

±1.00 94.0 95.3

ELP = effective lens position; D = diopter.

4. Discussion

The results of this study demonstrated that the optimal structural equation models,
consisting of preoperative parameters for the prediction of ELP, were different according to
preoperative AL. The regression equations derived from the conditional process analysis
could be developed into an IOL calculation formula with high predictive accuracy.

Recently, the Barret Universal II formula, the EVO (Emmetropia Verifying Optical)
formula, the Hill-RBF (radial basis function) formula, and the Kane formula have been
introduced, and the accuracy of these new formulas has been reported to be improved com-
pared to existing ones [17]. Unfortunately, the detailed mechanism of these new formulas
is not known. In particular, both the Hill-RBF and the Kane formula are well known for
using artificial intelligence algorithms. In addition, the possibility of IOL calculation formu-
las using multilayer perceptron, which is another form of artificial intelligence, has been
suggested [18]. Even if the design mechanism of artificial intelligence is clearly disclosed,
artificial intelligence algorithms usually have multiple hidden layers, so surgeons cannot
understand the detailed calculation process [19]. This effect is called the “black box effect”
and has been pointed out as a disadvantage in equations through artificial intelligence.
Of course, the accuracy of IOL power calculation through artificial intelligence is already
high, and there is no doubt that it will develop further in the future. However, through the
results of this study, we would emphasize that the accuracy of the formula can be improved
through conditional process analysis, and that the information on the detailed calculation
process can be clearly provided to anyone.

The formula that produces high accuracy for postoperative refractive outcomes differs
according to preoperative AL. When the AL is markedly short or long, the accuracy of
the IOL calculation formula is lower than that in eyes with AL in the normal range. The
Hoffer Q formula was more accurate than the other formulas in cases of eyes with short
AL (AL < 22.0 mm) [20,21]. Wang et al. advocated the use of the Haigis formula for the
determination of IOL power in myopia with long AL [22], so we divided a total of 621 eyes
into four subgroups in 1.5 mm increments according to AL.

The correlation between postoperative refraction error and AL and K has also been
studied in patients that underwent cataract surgery after refractive surgery. Recently, an
advanced lens measurement approach (ALMA) was proposed to improve the accuracy
of postoperative refraction error by Rosa et al. [23]. They showed the improvement of
R Factor [24] and ALxK methods [25] by applying ALMA, which is a mixed theoretical
regression method based on the SRK-T formula.

Almost all theoretical formulas for IOL power calculation are based on the use of a
simplified eye model with a thin cornea and an IOL model. [26]. With this approach, the
power of the IOL can be easily calculated using the Gauss equation in paraxial optics. [27].
ELP is back-calculated by “predicting” the effective ACD value with the actual postopera-
tive refraction of a given data set. Therefore, ELP is formula-dependent and does not need
to consider the real postoperative IOL position in terms of the eye’s anatomy [28]. Models
based on statistically analyzed relationships between some or all of the previously men-
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tioned preoperative measurements of the eye and postoperative IOL position have been
used to predict ELP in preoperative settings. In 1975, Fyodorov et al. [29] derived an equa-
tion based on the individual eye’s keratometry and AL to estimate ELP. Third-generation
formulas, including the Hoffer Q, [27] Holladay 1, [28] and SRK/T formulas, [30] use AL
and K to predict ELP and IOL power calculation, and the main difference among these
formulas is the predicted value of ELP. As ACD values can be measured accurately after
the development of slit-scan technology, a fourth-generation formula, the Haigis formula,
was developed to estimate ELP with the AL and ACD values, [31,32]. The commonality of
the various formulas used from the past to the present is that the AL is considered to be
the most important factor in ELP prediction. Therefore, in this study, the AL was set as a
constant independent variable in the ELP prediction process.

Sheard et al. concluded that the SRK/T formula has non-physiologic behavior that
contributes to IOL power prediction errors [9]. Specifically, Reitblat et al. found that the
SRK/T formula induced myopic results in eyes with a mean K greater than 46.0 diopter,
and hyperopic results in eyes with a mean K lower than 42.0 diopter [33]. In contrast, the
Haigis formula, which does not consider corneal steepness during ELP calculation, causes
myopic outcomes in flat corneas. This tendency has also been proven in large-scale research
by Melles et al. [6]. However, previous studies have concluded that there is no significant
association between mean K and postoperative IOL position [11,24]. In this study, we
attempted to investigate the effects of K on ELP and to determine why the conclusions of
the above-mentioned studies are controversial. We found a highly predictable model by
setting K as variables that mediate or moderate the action of AL.

In general, ACD is positively correlated with AL, and this was reconfirmed in this
study. In other words, ACD and AL inevitably have the problem of multicollinearity.
However, the results of this study documented the correlation between the two parameters
varies depending on the range of AL. ACD, like K, also acted as a mediator or a moderator
depending on the AL and has been found to be an essential element in ELP prediction.

There are some limitations in this study. We did not evaluate other factors such as
lens thickness (LT) or corneal diameter. Recently, there has been a growing interest in
the thickness of the crystalline lens and LT is considered in newly developed IOL power
calculation formulas. Norrby et al. concluded that LT was not an essential factor and ACD
alone would predict the postoperative IOL position accurately [11]. In the above study, they
used a partial least squares (PLS) regression test and LT, as an independent variable, may
not be as effective. However, it could act as a factor that mediates or modulates the effect of
ACD, and it is also expected that this will further improve the accuracy of the equation.
Corneal diameter was significantly correlated with postoperative IOL position in another
study [34]. Therefore, it is thought that corneal diameter can act as a mediator in the process
from AL to ELP by itself (direct effect), or can act as a factor that mediates or moderates
the effect of K (indirect effect). Corneal asphericity is another candidate. The prediction
error from modern IOL calculation formulas was influenced by corneal asphericity [35,36].
Corneal asphericity could be a mediating or moderating variable in the process where K
or corneal diameter affects ELP. Various models have already been introduced that can
handle many variables using conditional process analysis. If new variables are included
in conditional process analysis, the predictive accuracy of the equation would be further
improved. A second limitation is the relatively small population. The main problem
that can arise from the small population is the overfitting of the derived equation. This
“overfitting” problem would be solved by increasing the number of the study populations in
future studies. In addition, ideal models were found by classifying four groups in 1.5 mm
increments in this study. If the number of populations is sufficient, we can find more
optimized models by reducing the units of AL and increasing the number of subgroups.
Lastly, the analysis of refractive outcomes based on postoperative refraction could be
affected by the bias in the preoperative measurement of AL, as shown by the decrease in AL
measured using an IOLMaster after cataract surgery reported by De Bernardo M et al. [37].
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In conclusion, depending on the preoperative AL, the ideal structural equation model
for ELP prediction derived from conditional process analysis differs. Conditional process
analysis can be an alternative to conventional multiple linear regression analysis in ELP
prediction and IOL power calculation.

4.1. What Was Known

• The formula that produces high accuracy for postoperative refractive outcomes differs
according to preoperative axial length.

• The prediction of effective lens position is the most important process in modern IOL
calculation formulas.

4.2. What This Parer Adds

• In conditional process analysis, the ideal model for the prediction of effective lens
position varies according to preoperative axial length.

• Structural equation modeling from conditional process analysis is an effective tool for
the prediction of an effective lens position.
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Abstract: Purpose: To assess the utility of the 3D viewing system in tilted microscope positions for the
performance of cataract surgery in challenging positions, for patients with difficulty remaining supine.
Methods: Prospective, single-center, single-surgeon, consecutive case series of patients undergoing
surgery in an inclined position. Results: 21 eyes of 15 patients who had undergone surgery at inclined
positions at angles of 20◦ to 80◦, with a mean angle of 47.62◦. Surgeon comfort was considered to
be globally good. The surgeon rated red reflex perception and the impression of depth as good and
stable in all cases. The operating time was slightly longer for patients inclined at angles of more than
50◦. On the first day after surgery, BSCVA was 20/25 or better in all cases. No ocular complications
occurred in any of the interventions. Conclusions: Due to the ocular-free design of the 3D system, the
surgical procedure and the positioning of the surgeon remained almost identical to that for patients
undergoing surgery in a supine position, maintaining the safety of the standard surgical approach.

Keywords: cataract surgery; tilted microscope positions; 3D viewing system; patients unable to
lie flat

1. Introduction

Ocular surgery is usually performed in patients lying in a supine position with the
surgical microscope perpendicular to the surgical plane.

However, this usual position may not be possible if the patient cannot remain in a
supine position due to medical conditions. Rotating the optical axis of the microscope
perpendicular to the eye is one possible solution for such procedures in patients under-
going surgery in an inclined position [1–4]. However, it is very challenging to perform
surgeries when the microscope rotation exceeds 30◦ in practice, because a greater rotation
is incompatible with the posture of the surgeon, who needs to be able to look through the
microscope oculars during surgery.

The three-dimensional (3D) digital visualization system was recently evaluated and
shown to be safe for ocular surgery [5–7]. The ocular-free design of the 3D system makes it
possible for the surgeon to adopt a much more ergonomic posture during surgery and may
release the limitations on the axis of the microscope rotation.
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In this study, we report the utility of the 3D viewing system in tilted microscope
positions for cataract surgery in challenging positions in 15 consecutive patients unable to
remain in a supine position.

2. Surgical Technique

This report included consecutive patients undergoing cataract surgery in an inclined
position for medical reasons, at Guillaume de Varye Hospital (Bourges, France) between
January 2021 and November 2021. These patients were either unable to remain in a supine
position or found this position very uncomfortable. The study was approved by the
ethics committee of our institution and was performed in accordance with the Declaration
of Helsinki.

All the interventions were performed by the same experienced surgeon (O.S.) with
the Constellation® (Alcon Surgical, Ft. Worth, TX, USA) surgical system and the 3D digital
visualization system (NGENUITY®, Alcon, Fort Worth, TX, USA), connected to a (Lumera
700 Carl Zeiss Meditec, Jena, Germany) microscope.

All the operations were performed under topical anesthesia. The patients were lying
in a standard reclining cataract surgical chair, the back of which was reclined to a position
in which the patient felt comfortable, to ensure that the surgical conditions were good.

The surgical chair was lowered as much as possible, to ensure that the patient’s eye was
located at about the generator cassette level. Depending on the angle at which the patient
was tilted, the microscope was tilted such that it was parallel to the eye and its optical axis
was perpendicular to the surgical plane, providing good visualization (Figure 1).

 
Figure 1. Patient suffering from orthopnea undergoing cataract surgery in an inclined position. The
microscope was tilted perpendicular to the surgical plane.

The surgeon sat, as usual, behind the patients and a 2.2 mm principal corneal incision
was made in the superotemporal quadrant for right eyes, and in the superonasal quadrant
for left eyes, avoiding the eyebrow (Figure 2). The nucleus was emulsified by the divide
and conquer technique (Video S1 Supplementary Material).
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Figure 2. Surgeon positioning behind patients who underwent cataract surgery in inclined positions
((a): patient inclined in a 30◦ position. (b): patient inclined in a 65◦ position).

Pre-operative cataract grading was assessed according to a simplified nuclear classifi-
cation score based on the posterior nuclear color appearance [8].

Red reflex perception, the impression of depth, the operating time, the need for corneal
suture, operative complications, and surgeon comfort (scale: 1–3; 1: comfortable, 2: mild
discomfort, 3: uncomfortable) were assessed with a questionnaire.

3. Results

In total, 21 eyes from 15 patients were enrolled in the study (Table 1). Most of these
patients (9/15) had degenerative spinal disorders.

Table 1. Clinical characteristics and outcomes of patients who underwent cataract surgery in in-
clined positions.

Patient Side
Age

(Years) Comorbidity
Cataract
Grading

Preoperative
BCVA

Patient
Inclination
(Degrees)

Surgery
Duration
(Minutes)

Impression
of Depth

Red
Reflex

Perception

Surgeon
Comfort *

1 Day after
Surgery
BCVA

1 R 91 Orthopnea 3 20/70 50 16 Good Good 1 20/20

2 R 82 Positional
Vertigo 2 20/50 40 12 Good Good 1 20/20

2 L 82 Positional
Vertigo 2 20/50 40 11 Good Good 1 20/20

3 L 75 Back pain 4 20/100 30 10 Good Good 1 20/25

4 R 54 Neck pain 2 20/40 45 10 Good Good 1 20/15

4 L 54 Neck pain 2 20/50 45 12 Good Good 1 20/15

5 R 69 Orthopnea 3 20/70 70 15 Good Good 2 20/25

5 L 69 Orthopnea 2 20/50 70 16 Good Good 2 20/25

6 R 72 Orthopnea 2 20/40 80 17 Good Good 2 20/20
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Table 1. Cont.

Patient Side
Age

(Years) Comorbidity
Cataract
Grading

Preoperative
BCVA

Patient
Inclination
(Degrees)

Surgery
Duration
(Minutes)

Impression
of Depth

Red
Reflex

Perception

Surgeon
Comfort *

1 Day after
Surgery
BCVA

7 R 78 Back pain 2 20/50 60 17 Good Good 2 20/25

8 R 80 Neck pain 2 20/50 20 9 Good Good 1 20/25

8 L 80 Neck pain 2 20/40 20 9 Good Good 1 20/20

9 R 59 Back pain 4 20/100 35 11 Good Good 1 20/25

10 R 74 Orthopnea 4 20/100 65 18 Good Good 2 20/25

11 R 83 Neck pain 3 20/70 35 10 Good Good 1 20/25

11 L 83 Neck pain 3 20/70 35 9 Good Good 1 20/25

12 R 75 Neck pain 2 20/50 40 12 Good Good 1 20/15

12 L 75 Neck pain 2 20/50 40 12 Good Good 1 20/15

13 R 81 Orthopnea 2 20/30 65 15 Good Good 2 20/15

14 L 68 Back pain 2 20/50 55 15 Good Good 1 20/20

15 L 77 Positional
Vertigo 3 20/70 60 16 Good Good 2 20/25

BCVA: Snellen best corrected visual acuity. * Surgeon comfort was assessed with a questionnaire (scale: 1–3;
1: comfortable, 2: mild discomfort, 3: uncomfortable).

Patients were inclined at angles of 20◦ to 80◦, with a mean angle of 47.62◦. The surgeon
considered red reflex perception and the impression of depth to be good and stable in all
cases, as in surgeries performed with patients lying flat. No ocular complications occurred
in any of the interventions. None of the patients required corneal suture. Operating time
was slightly longer for the patients inclined at angles of more than 50◦ (p < 0.01).

Surgeon comfort was rated “1” (comfortable) in all cases in which the patient was in-
clined at less than 60◦ and “2” (mild discomfort) for patients inclined at angles exceeding 60◦.

On the first day after surgery, BSCVA was 20/25 or better in all cases.

4. Discussion

In this series, we evaluated the facilitating role of the ocular-free design of the 3D
visualization system to the performance of surgeries in unusual challenging positions using
the microscope rotation, in cataract surgery on patients unable to remain supine.

Microscope tilting is used in other indications in patients undergoing operations in
a supine position. Indeed, by displacing the angle of view, this technique allows the
visualization of the trabecular meshwork in stent implantation or the extension of the
peripheral retinal view in retinal surgery [9,10].

At high angles of standard microscope rotation, the surgeon becomes very uncom-
fortable and must change his posture and modify the surgical approach, sometimes even
modifying the location of the incision, which may increase the risk of operative complica-
tions. In a series of 32 eyes, Richard et al. reported the results for a face-to-face upright
seated position for cataract surgery in patients who cannot lie supine, with the surgeon
either seated or standing, and facing the patient [2]. Inferior, temporal or inferotemporal
corneal incisions were made. Capsular rupture occurred in two cases, with nucleus drop.
The authors considered this surgical positioning technically challenging and recommended
its use only by experienced surgeons. Muraine et al. recently reported a series of four eyes
in which face-to-face phacoemulsification was performed, with a slit lamp and the surgeon
sitting facing the patient and performing a temporal incision [11].

In our series of 21 eyes, due to the ocular-free design of the 3D system, the surgical
procedure and the positioning of the surgeon for patients undergoing cataract surgery in
an inclined position remained almost identical to that for patients undergoing surgery in a
supine position. The safety of the standard surgical approach was, therefore, maintained.

Within the eye, the quality of visualization, the impression of depth and red reflex percep-
tion were considered to be very good and similar to those in standard operating conditions.
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A fast and good visual recovery was recorded in all cases on the first day after surgery.
The good visualization conditions and the perceived depth of field may have ensured the
safety of intraocular maneuvers, accounting for this result.

In conclusion, we reported here the facilitating role of the ocular-free design of the 3D
system for the performance of ocular surgery in unusual challenging positions in patients
who are unable to lie flat. This system makes it possible to maintain the usual position and
the safety of the standard surgical approach in such challenging conditions.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/jcm11071865/s1, Video S1: Video highlighting the surgeon’s installation and
the surgical procedure in a patient who underwent cataract surgery in an inclined position.
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Abstract: Background: To determine whether there is a significant saving of time when using a
digital cataract workflow for digital data transfer compared to a manual approach of biometry
assessment, data export, intraocular lens calculation, and surgery time. Methods: In total, 48 eyes
of 24 patients were divided into two groups: 24 eyes were evaluated using a manual approach,
whereas another 24 eyes underwent a full digital lens surgery workflow. The primary variables for
comparison between both groups were the overall time as well as several time steps starting at optical
biometry acquisition until the end of the surgical lens implantation. Other outcomes, such as toric
intraocular lens misalignment, reduction of cylinder, surgically induced astigmatism, prediction error,
and distance visual acuity were measured. Results: Overall, the total diagnostic and surgical time was
reduced from 1364.1 ± 202.6 s in the manual group to 1125.8 ± 183.2 s in the digital group (p < 0.001).
The complete time of surgery declined from 756.5 ± 82.3 s to 667.3 ± 56.3 (p < 0.0005). Compared
to the manual approach of biometric data export and intraocular lens calculation (76.7 ± 12.3 s) as
well as the manual export of the reference image to a portable external storage device (26.8 ± 5.5 s), a
highly significant saving of time was achieved (p < 0.0001). Conclusions: Using a software-based
digital approach to toric intraocular lens implantation is convenient, more efficient, and thus more
economical than a manual workflow in surgery practice.

Keywords: toric intraocular lens; cataract surgery; cataract surgery workflow; efficiency; refractive
surgery; refractive lens exchange; clear lens exchange

1. Introduction

The use of toric intraocular lenses (IOL) to correct corneal astigmatism has drastically
changed cataract surgery over the last decade and broadened the range of indications
for refractive lens exchanges [1]. The prevalence of astigmatism increases with age, with
approximately 40–50% of individuals over the age of 60 years presenting a corneal astig-
matism of at least 1.00 diopters (D) and thus becoming eligible for astigmatic correction
using toric intraocular lenses [2,3]. In these cases, toric intraocular lenses are particularly
suited to achieve postoperative independence from glasses as well as increased patient sat-
isfaction. Not surprisingly, the implantation of toric intraocular lenses has gained massive
importance in the past few years.

To enable neutralization of corneal astigmatism, a precise preoperative calculation
of the toric intraocular lens power is of utmost importance [4]. The best indicator of toric
intraocular lens calculation accuracy is the prediction error (PE) of residual astigmatism.
Depending on the formula used to calculate toric intraocular lenses, different anatomical
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parameters are considered [5]. The most important parameters of all formulas are the
keratometry values of the cornea since they have the greatest influence on the required
toricity of IOL for neutralizing corneal astigmatism [4]. Whereas early formulas solely
considered the keratometry values (K) of the anterior corneal surface, state-of-the-art
formulas consider the total keratometry (TK) including the values of the anterior and
posterior corneal surface. This is due to several studies stating that the posterior corneal
surface significantly contributes to the total corneal astigmatism [6], and its consideration
thus leads to a superior postoperative prediction accuracy [7].

A vast variety of devices mostly utilize two technologies to acquire corneal keratometry
values and biometric ocular data: the rotating Scheimpflug camera and swept-source optical
coherence tomography (SS-OCT). One of the most commonly used SS-OCT-based biometric
devices is the IOLMaster (Carl Zeiss Meditec AG, Jena, Germany). While a predecessor
version of the machine, the IOLMaster 500, was only able to measure the anterior surface
of the cornea, the novel IOLMaster 700 also measures the posterior corneal curvature. With
the information of the anterior and posterior corneal curvature, the IOLMaster 700 can
further calculate the total refractive power of the cornea (total keratometry; TK) [8,9]. An
additional feature of the IOLMaster 700 is the ability to calculate intraocular lens power
onboard based on the TK values prior to surgery.

With rising numbers of toric intraocular lens implantations, especially in refractive
lens exchanges, and the associated extra time effort, surgeons crave an efficient workflow
and an IOL power calculation tool to keep preoperative preparation times as short as
possible and intraocular lens calculation and implantation as precise as possible. Therefore,
the novel cataract workflow EQ Workplace integrated in the FORUM platform (all by Carl
Zeiss Meditec AG), featuring the Z CALC intraocular lens formula and calculator, was
established to allow a complete digital approach from biometry assessment over the data
export to intraoperative toric intraocular lens axis alignment.

To this end, this study determines whether there is a significant saving of time when
using the digital cataract workflow EQ Workplace 1.6.0 within the FORUM system for
digital data transfer compared to a manual approach of biometry assessment, data export,
intraocular lens calculation, and surgery time using the CALLISTO eye and Z ALIGN
digital tracking system.

2. Materials and Methods

This study is a prospective interventional case series performed at one single tertiary
referral center in Munich, Germany (Department of Ophthalmology, University Hospital,
LMU Munich, Munich, Germany). Prior to data collection and analysis, approval was
obtained by the local institutional review board of the Ludwig Maximilian University
(approval number: 19-731). This study complies with the criteria defined in the Declaration
of Helsinki. Informed consent was given by all patients included.

The primary goal was to evaluate the saving of time when using the cataract workflow
EQ Workplace 1.6.0 within the FORUM system for digital data transfer compared to
a manual approach of biometry assessment, intraocular lens calculation, and effective
diagnostic and surgery time using the CALLISTO eye and Z ALIGN digital tracking system.
Furthermore, this case series will address the accuracy of the Z CALC 2.1.0 intraocular lens
calculator (for all: Carl Zeiss Meditec AG, Jena, Germany), embedded in the EQ Workplace,
in predicting intraocular lens power and postoperative spherical equivalent. In addition,
diverse quality criteria were determined: the reduction of cylinder, the surgically induced
astigmatism (SIA), IOL axis misalignment, and the visual outcome.

2.1. Patient Characteristics

All patients included either presented with an age-related cataract or a clear crystalline
lens and a regular corneal astigmatism of at least one diopter in swept-source optical coher-
ence tomography-based optical biometry using the IOLMaster 700 (Carl Zeiss Meditec AG).
The regular corneal astigmatism was confirmed using the central corneal topography ac-
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quired with SS-OCT onboard the IOLMaster 700. Exclusion criteria were pseudo-exfoliation
syndrome, irregular astigmatism, uveitis, previous vitreoretinal or refractive surgeries,
other corneal pathologies, maculopathies, or ocular surface diseases. Both eyes of each
study subject underwent clear lens exchange or cataract surgery. One eye received a com-
plete digital approach starting at biometry assessment, whereas the other one underwent
a manual approach. For all, phacoemulsification and toric intraocular lens implantation
were performed by one experienced surgeon (W.J.M.) using a 2.4 mm clear corneal incision
at 90◦. To achieve intraoperative toric intraocular lens alignment, the CALLISTO eye and Z
ALIGN digital tracking system utilizing a reference image assessed with the IOLMaster
700 prior to surgery, were used. All procedures and study examinations were performed at
the Department of Ophthalmology, University Hospital, LMU Munich.

Three months postoperatively, manifest refraction was obtained by subjective refrac-
tion according to DIN 58220. Uncorrected and corrected distance visual acuity (UDVA and
CDVA) was assessed at six meters (20 ft). Toric IOL axis alignment was evaluated with a
slit lamp. To address postoperative SIA, another optical biometry was conducted.

2.2. Intraocular Lens Calculation

In all eyes, a monofocal toric (Carl Zeiss AT TORBI 709M, Carl Zeiss Meditec AG)
or trifocal toric (Carl Zeiss AT LISA tri toric 939M, Carl Zeiss Meditec AG) intraocular
lens with plate haptic design was implanted. The intraocular lens calculations were based
on the total keratometry (TK) corneal measurements obtained by optical biometry and
performed using the Z CALC intraocular lens calculator in the digital group. In the manual
group, IOL were calculated onboard the IOLMaster 700 with the Haigis formula based on
the TK values. Surgically induced astigmatism was implemented into the IOL calculation
using the surgeon’s reference SIA, calculated with the Warren Hill calculator according to
previous standard lens surgeries.

2.3. Workflow Steps and Time Measurement Points

The workflow begins with optical biometry and terminates with the end of the surgical
intraocular lens implantation. The effective time for all workflow steps were measured
whenever the operator or/and the patient were ready for examination/surgery. Table 1
illustrates the time points/intervals of interest (Table 1).

Table 1. Workflow steps and points of interest in the manual and digital group.

Manual Group (n = 24) Digital Group (n = 24)

Data check EQ Workplace data check
IOL calculation (IOLMaster 700) IOL calculation (EQ Workplace)

Export of reference image to USB memory stick Digital reference image export via FORUM to
CALLISTO eye

Import reference image to CALLISTO eye and
image matching

Digital reference image import via FORUM to
CALLISTO eye and image matching

IOL alignment using CALLISTO eye and Z ALIGN tracking system
Overall surgery time

Overall diagnostic + surgery time

Following optical biometry, patient data was double-checked either onboard the
IOLMaster 700 or in the EQ Workplace. Following the IOL calculation explained above, the
reference image was either exported via a portable memory drive (USB stick) or directly
transferred digitally via the EQ Workplace. After matching the reference image in the
manual group, the target IOL axis had to be entered manually. The time of the reference
image import as well as the image matching and IOL axis alignment are included in the
overall surgery time.
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2.4. Statistics and Data Analysis

Statistical analysis was performed with the open-source statistics software R (Version
4.1.2; Ross Ihaka and Robert Gentleman, R Core Team, University of Auckland, Auckland,
New Zealand). Normality of data was confirmed with the Shapiro–Wilk normality test.
To compare the means of time between the manual and digital group, a paired Student’s
t-test was performed. We considered p < 0.01 statistically significant. Results were reported
according to the standards for reporting refractive outcomes of intraocular lens-based
refractive surgery [10].

3. Results

In total, 48 eyes of 24 patients were included in the time measurement study. The
mean age was 60 ± 9.8 years (range 42 to 79 years). The proportion of female eyes was 63%
(n = 30) with 15 patients being female and nine being male. Of those eyes that received a
fully digital approach, 18 eyes had a with-the-rule (WTR, axis: 60–120◦) astigmatism, five
eyes an against-the-rule (ATR, axis: 0–30◦ or 150–180◦) astigmatism and one eye an oblique
(axis: 30–60◦ or 120–150◦) astigmatism.

3.1. The Digital Approach Using EQ Workplace Saves Diagnostic and Surgical Time

When the surgery was planned, patient identification, data verification in EQ Work-
place as well as intraocular lens calculation and reference image export accounted for
48.0 ± 16.1 s (Table 2). Compared to the manual approach of biometric data check and
intraocular lens calculation (76.7 ± 12.3 s) as well as the manual export of the reference
image to a portable external storage device (26.8 ± 5.5 s), a highly significant saving of time
was achieved (p < 0.0001).

Table 2. Time measurements at the time points of interest in the manual and digital group.

Time Point of
Interest

Time, Manual Group
(n = 24; in Seconds)

Time, Digital Group (EQ
Workplace) Group (n = 24;

in Seconds)

Level of
Significance

Data check and IOL
calculation 76.7 ± 12.3

48.0 ± 16.1 p < 0.0001
Reference image

export 26.8 ± 5.5

Reference image
import and image

matching
129.8 ± 18.0 54.9 ± 9.2 p < 0.0001

IOL alignment
intraoperatively 30.7 ± 4.1 22.8 ± 5.1 p < 0.0001

Surgery time (overall) 756.5 ± 82.3 667.3 ± 56.3 p < 0.0005

Diagnostic and
surgical time (overall) 1364.1 ± 202.6 1125.8 ± 183.2 p < 0.0005

Prior to surgery, the import of the reference image to the CALLISTO eye-tracking
system and matching the same with the patient’s eye took 129.8 ± 18.0 s in the manual and
54.9 ± 9.2 s in the digital group (p < 0.0001).

During surgery, intraocular lens alignment was significantly faster using the fully
digital approach with 22.8 ± 5.1 s, compared to the manual group (30.7 ± 4.1 s; p < 0.0001).

Overall, the complete time of surgery was reduced from 756.5 ± 82.3 s to 667.3 ± 56.3 s
using a full EQ Workplace and CALLISTO eye-tracking system approach (p < 0.0005;
Table 2). The total diagnostic and surgical time came in as 1364.1 ± 202.6 s in the manual
group and as 1125.8 ± 183.2 s in the digital group respectively (p < 0.001; Table 2).
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3.2. Reduction of Cylinder Postoperatively

Following implantation of a toric intraocular lens in the digital group calculated with Z
CALC, the mean cylinder of all 24 eyes was reduced significantly from 2.12 ± 1.08 diopters
to 0.48 ± 0.42 diopters (p = 0.01; Figure 1). Looking at the double-angle plot (Figure 2) and
vector analysis, the centroid decreased from 1.37 ± 1.97 diopters at 90◦ preoperatively to
0.05 ± 0.64 diopters at 168◦ postoperatively (p = 0.03). In total, a residual refractive cylinder
of 0.25 diopters or lower could be achieved in 42% of all patients, while in 58% the residual
cylinder was 0.50 diopters or lower (Figure 1).

Figure 1. Cumulative histogram of the magnitudes of the preoperative corneal astigmatism and the
postoperative refractive astigmatism at the corneal plane in the digital group (n = 24).

Figure 2. Double-angle plots of preoperative corneal astigmatism (TCRP) and postoperative refractive
cylinder in the digital group (n = 24).

3.3. Prediction Error, Visual Outcome and Surgically Induced Astigmatism

The prediction error of spherical equivalent was 0.55 ± 0.43 diopters. Preoperative
UDVA was 0.59 ± 0.18 logMAR and 0.4 ± 0.24 logMAR for CDVA. After 3 months, UDVA
gained to 0.11 ± 0.09 logMAR and CDVA to 0.05 ± 0.08 logMAR. The mean vector or
centroid of the actual postoperative surgically induced astigmatism was 0.21 diopters
at 12◦. Preoperatively, a SIA of 0.37 diopters at 2◦ was assumed. Thus, it was slightly
overestimated. The SIA prediction error was 0.19 diopters at 9◦.
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3.4. Intraocular Lens Axis Misalignment

Intraocular lens axis was evaluated at the slit lamp. After three months, lens axis
misalignment was 2.9 ± 2.7◦. In total, 98% of all intraocular lenses were rotated less than
5 degrees. None of the intraocular lenses was re-rotated postoperatively.

4. Discussion

Based on our findings, the EQ Workplace within the FORUM platform, the onboard
intraocular lens calculator Z CALC, as well as the CALLISTO eye and Z ALIGN dig-
ital tracking system offer a convenient and more efficient workflow for lens exchange
surgery practice.

The preoperative time to identify the patient, check the biometric data, calculate the
toric intraocular lens, and export the reference image for axis alignment was significantly
less when the EQ Workplace within the FORUM platform was used. This might be due to
the integrated intraocular lens calculator Z CALC and the automatic export of the reference
image to the CALLISTO eye system in the operating room. Manually, biometric data must
be double-checked on the IOLMaster 700 and the reference image must be transferred via an
external storage device from the IOLMaster 700 to the CALLISTO eye system. Therefore, the
software-based workflow approach is more efficient for surgeons preoperatively. During
surgery, reference image matching and toric intraocular lens alignment is again easier and
significantly faster using the digital image-guided approach, as the target axis does not
have to be entered manually and the reference image import is basically one finger-tap on
the touchscreen compared to the manual import from the USB stick. Thus, it offers surgeons
a more comfortable experience prior to surgery. Furthermore, as the overall diagnostic and
surgical time is significantly lower, rotation times can be minimized and lead to higher
treatment numbers and a better economical outcome. In addition, transcription errors can
be minimized when using a digital data transfer.

By increasing numbers of lens exchange surgeries on one day, surgeons and operators
tend to mix up patient data and sides. According to a study by ophthalmologists in Israel,
surgeons could only identify 73% of their surgical sides (left or right eye) correctly by
knowing the patient’s name. This error correlated with the actual number of surgeries
performed on one day [11]. In the worst case, this might lead to the implantation of the
wrong intraocular lens. Such an error could be minimized by using the EQ Workplace and
FORUM platform cataract workflow, where calculated intraocular lenses are directly related
to the surgical side and stored in the CALLISTO eye system on the surgical microscope.

The Z CALC intraocular lens calculator and its’ featured intraocular lens calculation
formula revealed a prediction error of 0.55 ± 0.43 diopters of spherical equivalent. More
than 92% showed a residual cylinder of less than ±1.00 diopters. Those results are in line
with recent literature evaluating prediction errors of toric intraocular lenses using novel
calculation formulas such as Barrett toric and Kane [12]. Furthermore, toric intraocular
lens misalignment was low with a rotation of 2.9 ± 2.7◦ and no need of any postoperative
rotation in any of the subjects. Similar results comparing a manual-marking axis alignment
to an image-guided approach corroborate our findings [13,14].

A limitation of our study might be the lack of a direct comparison between a fully
manual approach of lens refractive surgery including intraoperative axis alignment by
manual marking prior to surgery. This additional detail seemed obsolete as it was investi-
gated before, as mentioned above [13,14]. The time for axis alignment in the digital group
in the current study is significantly less statistically compared to the manual group, but, in
our opinion, not of clinical relevance as the absolute difference barely accounts for 8 s. We
consider those results a surgical bias.

Finally, one must take another issue into consideration: The system relies on a smart
digital infrastructure that is costly, and in cases of technical malfunction might lead to
severe delays and difficulties in daily lens exchange surgery routine.

To conclude, lens exchange surgery via the EQ Workplace within the FORUM platform
is a safe and faster way to acquire and check data as well as to calculate intraocular
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lenses and align the lens axis intraoperatively compared to a manual approach. Thus, it
guarantees a more efficient and economical workflow when performing cataract and lens
refractive surgery.
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Abstract: Purpose: To analyze visual quality and contrast sensitivity in patients after intraocular
lens (IOL) implantation with sutured scleral fixation. Setting: Chang Gung Memorial Hospital,
Taoyuan, Taiwan. Design: Retrospective observational study. Methods: Data on the refractive
outcome, visual acuity, and subjective visual symptoms in patients with scleral-fixated or in-bag
IOL implantation were collected from September 2019 to March 2020. We also investigated patients’
postoperative higher-order aberrations (HOAs) and dysphotopsia using a wavefront aberrometer
and glaretester, respectively. The following values were compared: corrected distance visual acuity,
spherical equivalent, root mean square values for aberrations, and contrast sensitivity. Results: A
total of 23 eyes implanted with scleral-fixated IOL and 74 eyes with in-bag IOL were studied. The
mean postoperative spherical equivalent and logarithm of the minimum angle of resolution after
scleral fixation were −1.09 ± 3.32 D and 0.20 ± 0.17, respectively. The ocular HOAs were higher in
the scleral-fixation group than in the in-bag group (p = 0.001). Contrast sensitivity was negatively
associated with age, and it was similar between the two groups after controlling for the age effect.
Conclusions: Ocular HOAs and refractive errors were higher in the scleral-fixation group than in the
in-bag group. However, no significant difference was noted in contrast sensitivity between advanced
scleral fixation and in-bag IOL implantation.

Keywords: visual quality; contrast sensitivity; scleral fixation; intraocular lens

1. Introduction

Cataract surgery is the most common ocular surgery, with more than 20 million
procedures performed worldwide [1]. Cataract surgery serves as both a visual restoration
operation and refractive procedure [2]. Typically, the intraocular lens (IOL) is placed in
a capsular bag. However, patients who experience posterior capsule rupture, zonular
dialysis, dropped lens, or dislocated IOL during trauma or ocular surgery may receive
alternative techniques such as anterior chamber, iris-fixated, or scleral-fixated IOLs [3].

The scleral-fixated IOL, first mentioned by Malbran [4] in 1986, has become a popular
technique for patients with inadequate capsular support. The advantage of IOL scleral
fixation over anterior chamber IOL implantation is the reduced risks of corneal endothelial
loss, peripheral anterior synechiae, cystoid macular edema, and hyphema [5]. Although
scleral-fixated IOL implantation has the problem of suture exposure, modified techniques
can be applied to cover the suture ends with scleral pockets [6]. Another method is suture-
less intrascleral-fixated IOL. A three-piece IOL is inserted into the anterior chamber, and
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the haptics are pulled out and positioned in the scleral tunnels. However, the complication
of this technique includes intraoperative haptic breakdown [3].

Visual acuity can be maintained or improved with scleral fixation [7], but visual
quality with regards to higher-order aberrations (HOAs) and contrast sensitivity remain
issues. The IOL tilt and decentration after scleral fixation are greater than those after in-bag
implantation [8]. IOL decentration can lead to dysphotopsia [9], and IOL tilt induces a
considerable amount of ocular coma-like aberrations [10,11]. The appropriate positioning
of an IOL is crucial to satisfactory visual quality following cataract surgery. However, the
literature on dysphotopsia and contrast sensitivity after scleral-fixated IOL surgery is scant.

The purpose of this study was to compare the visual acuity, aberrometry, and glare
disability of eyes treated with scleral fixation with those of eyes treated with standard
cataract surgery.

2. Methods

2.1. Patients

This retrospective study comprised patients who underwent standard cataract surgery or
transscleral fixation of the IOL. Inclusion criteria were as follows: patients with pseudophakia
with in-bag or scleral-fixated IOLs, 20 years or older, no complications during IOL implan-
tation, no ocular disorders such as severe non-proliferative diabetic retinopathy (NPDR) or
PDR, corneal opacities or epithelial defects, severe macular degeneration or dystrophy, op-
tic atrophy, amblyopia in the operated eye, or posterior capsule opacification after cataract
surgery that could degrade visual quality. Indications for scleral fixation included aphakia and
subluxation or dislocation of the crystalline lens or IOL. Only monofocal IOL implantation
was studied because multifocal IOLs would have introduced a confounding effect with respect
to dysphotopsia. We recruited patients between September 2019 and March 2020. Patients
who could not undergo examination as a result of dementia or mental disorders were not
included. All eyes had a minimum postoperative time of 1 month when the inflammation
subsided without postoperative steroid use, corneal edema, or anterior chamber reaction, to
ensure the wound and visual acuity were stable. We excluded patients with postoperative
corrected distance visual acuity (CDVA) of more than 0.5 logarithm of the minimum angle
of resolution (logMAR) because they could lose contrast sensitivity [12]. The study adhered
to the tenets of the Declaration of Helsinki, and it was approved by the Institutional Review
Board of Chang Gung Memorial Hospital, Taoyuan, Taiwan (Approval number: 2101220033).
Written informed consent was waived because of the retrospective nature of the study.

2.2. Postoperative Ophthalmic Examinations

The CDVA was measured, and slit-lamp biomicroscopy, contrast sensitivity testing,
pneumatic tonometry, indirect ophthalmoscopy, and aberrometry were performed. The
postoperative CDVA was converted to logMAR values and compared between the scleral-
fixation group and the in-bag group.

2.3. Contrast Sensitivity Test

Contrast sensitivity was evaluated with best refractive correction without pupil di-
lation using a CGT-2000 contrast glaretester (Takagi Seiko, Takaoka, Japan). Contrast
sensitivity testing was performed under daytime (100 cd/m2), twilight (10 cd/m2), and
nighttime (5 cd/m2) luminance conditions with and without glare at a test distance of
5 m. The area under the log contrast sensitivity function (AULCSF) was calculated for
statistical analysis [13].

Postoperative perceptive dysphotopsia was assessed using a questionnaire, with a
point given for each category. Subjective photic phenomena, including glare, halo, starburst,
and coma, were evaluated with a penlight held 1 m in front of the tested eye under mesopic
conditions at the outpatient department. Symptoms were rated as 0 = none, 1 = mild,
2 = moderate, or 3 = severe. Additionally, this questionnaire was filled out by the nurse.
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Higher mean scores indicated less satisfactory results. The mean score for each category
was calculated and tested for significance.

2.4. Optical Aberrations

Wavefront measurements were postoperatively obtained using a refractive power and
corneal analyzer (OPD-Scan III, NIDEK, Tokyo, Japan). This device used the fundamental
principle of automatic retinoscopy, and it provided integrated corneal topography and
wavefront measurement. The retina was scanned with a slit-shaped light beam, and the
reflected light was captured by an array of rotating photodetectors over a 360◦ area. The
aberrometer offered an aberration profile of the whole eye, and the root mean square
values for aberrations, HOAs, tilt, coma, spherical aberrations, trefoil, and astigmatism
were measured for statistical analysis. Wavefront maps were analyzed with a 3-mm pupil
diameter up to the fourth-order Zernike coefficients. The pupil sizes were also measured
by this wavefront aberrometer under mesopic condition.

2.5. Surgical Technique

Mydriasis was achieved preoperatively with 1% tropicamide eyedrops and 10%
phenylephrine eyedrops. Sutured scleral fixation was performed by an experienced sur-
geon (LL), and phacoemulsification and in-bag IOL implantation were done by another
(CHH). Scleral fixation was conducted using the four-point fixation technique described
by Khan et al. [14], with some modifications. A 2.65-mm transparent corneal incision was
made after retrobulbar anesthesia, and the IOL was loaded in the injector and injected
into the anterior chamber. The two haptics were looped with a 10-0 polypropylene suture
intraocularly at the nasal sclera 2 mm posterior to the limbus. The same step was repeated
on the temporal side. Additional procedures such as vitrectomy and IOL exchange may
have been performed at the time of scleral fixation. The standard phacoemulsification
surgery was performed using the following procedures under topical anesthesia: clear
corneal incision of 2.65 mm, continuous curvilinear capsulorrhexis with an approximate
diameter of 5.0 mm, hydrodissection, phacoemulsification, irrigation and aspiration, and
in-bag IOL implantation using an injector.

2.6. Statistical Analysis

All statistical analyses were performed using Stata, version 15 (StataCorp, College Sta-
tion, TX, USA). Independent t tests were employed to compare the visual quality between
the two groups. Generalized estimate equation method (GEE) was performed to identify
factors affecting contrast sensitivity, which was set as the dependent variable (AULCSF).
The following parameters were included as explanatory variables: age, sex, pupil size, sur-
gical technique (scleral fixation or in-bag IOL implantation), IOL type (spherical, aspheric,
or toric), logMAR, and ocular aberrations. Another GEE was conducted to determine
the factors affecting subjective dysphotopsia (glare, halo, starburst, and coma), with the
same aforementioned explanatory variables. A p value of less than 0.05 was considered
statistically significant.

3. Results

This study comprised 100 eyes from 70 patients. Three eyes from three patients were
excluded because the CDVA was greater than 0.5 logMAR. A total of 97 eyes from 67 patients
were analyzed, of which 23 eyes underwent sutured scleral fixation, with a mean patient age
of 58.13 years (range 36–79 years), and 74 eyes underwent in-bag IOL implantation, with a
mean patient age of 69.76 years (range 46–96 years). A total of 15 eyes (20.27%) of 10 patients
had diabetes mellitus in the in-bag group, while 6 eyes (26.09%) of 5 patients were affected in
the scleral-fixated group. One patient in the in-bag group had Sjogren’s syndrome. The mean
spherical equivalent was −1.09 ± 3.32 D in the scleral-fixation group and −0.23 ± 0.75 D in
the in-bag group. The CDVA of the in-bag group was slightly better (mean logMAR 0.11 vs.
0.20). Statistically significant differences were observed between the two groups in terms of
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age, sex, IOL type, CDVA, and spherical equivalent (Table 1). Although 33 eyes (34%) were
followed within 3 months after the surgery, the mean CDVA could reach 0.16 logMAR. In the
scleral-fixation group, 14 eyes had IOL subluxation or dislocation; 4 eyes had lens dislocation,
and 5 had aphakia following complications with cataract extraction. The majority of sutured
IOLs in the scleral-fixated group (56.52%) received Akreos Adapt Advanced Optics lenses
(Bausch + Lomb, Laval, QC, Canada).

Table 1. Demographics and visual outcomes of eyes following in-bag and scleral-fixated intraocular
lens implantation.

Characteristics In-Bag (n = 74) Scleral Fixation (n = 23) p Value

Age in years, mean ± SD (range) 69.76 ± 9.58 (46–96) 58.13 ± 12.81 (36–79) <0.001 *
Male sex, No. (male %) 24 (32.43) 10 (43.48) 0.038 *

Laterality, No. 0.509
OD (%) 36 (48.65) 13 (56.52)
OS (%) 38 (51.35) 10 (43.48)

IOL type, No. 0.003 *
Spherical (%) 19 (25.68) 9 (39.13)
Aspheric (%) 28 (37.84) 14 (60.87)

Toric (%) 27 (36.48) 0 (0)
Postop in months, mean ± SD (range) 19.88 ± 30.09

(1–132)
16.22 ± 19.27

(1–60) 0.585
Pupil size (mm ± SD) 4.81 ± 1.02 4.66 ± 0.99 0.526

CDVA (logMAR ± SD) 0.11 ± 0.14 0.20 ± 0.17 0.015 *
SE, mean ± SD −0.23 ± 0.75 −1.09 ± 3.32 0.0385 *

Astigmatism, mean ± SD −0.81 ± 0.58 −1.11 ± 0.87 0.0654

CDVA = corrected distance visual acuity; IOL = intraocular lens; logMAR = logarithm of the minimum angle of
resolution; OD = right eye; OS = left eye; SD = standard deviation; SE = spherical equivalent; * p < 0.05.

The postoperative wavefront data including ocular, internal, and corneal aberrations
for both groups are listed in Table 2. Ocular aberrations differed markedly from corneal
aberrations between the scleral-fixation and the in-bag group in terms of overall aberrations,
HOAs, tilt, coma, trefoil, and astigmatism, with the exception of spherical aberrations.

Table 2. Postoperative ocular, corneal, and internal aberrations for 3-mm pupil diameters in eyes
following in-bag and scleral-fixated intraocular lens implantation.

In-Bag (n = 74) Scleral Fixation (n = 23) p Value

Ocular
Aberrations a (μm ± SD) 0.387 ± 0.194 0.785 ± 0.667 <0.001 *

HOAs (μm ± SD) 0.145 ± 0.070 0.255 ± 0.241 0.001 *
Tilt (μm ± SD) 0.103 ± 0.064 0.187 ± 0.203 0.003 *

Trefoil (μm ± SD) 0.121 ± 0.076 0.209 ± 0.189 0.002 *
Coma (μm ± SD) 0.035 ± 0.024 0.058 ± 0.053 0.004 *

Astigmatism b (μm ± SD) 0.434 ± 0.211 0.704 ± 0.553 0.001 *
Spherical aberration (μm ± SD) 0.016 ± 0.013 0.022 ± 0.020 0.059

Corneal
Aberrations a (μm ± SD) 0.377 ± 0.183 0.432 ± 0.194 0.213

HOAs (μm ± SD) 0.112 ± 0.049 0.146 ± 0.084 0.019 *
Tilt (μm ± SD) 0.133 ± 0.102 0.167 ± 0.148 0.208

Trefoil (μm ± SD) 0.074 ± 0.042 0.102 ± 0.066 0.017 *
Coma (μm ± SD) 0.056 ± 0.038 0.065 ± 0.060 0.355

Astigmatism b (μm ± SD) 1.201 ± 0.828 1.340 ± 0.739 0.473
Spherical aberration (μm ± SD) 0.025 ± 0.024 0.035 ± 0.030 0.094

Internal
Aberrations a (μm ± SD) 0.404 ± 0.204 0.714 ± 0.683 0.001 *

HOAs (μm ± SD) 0.130 ± 0.066 0.209 ± 0.234 0.011 *
Tilt (μm ± SD) 0.138 ± 0.110 0.178 ± 0.177 0.198

Trefoil (μm ± SD) 0.086 ± 0.061 0.151 ± 0.173 0.007 *
Coma (μm ± SD) 0.051 ± 0.041 0.053 ± 0.037 0.830

Astigmatism b (μm ± SD) 0.858 ± 0.685 1.340 ± 1.815 0.060
Spherical aberration (μm ± SD) 0.025 ± 0.024 0.035 ± 0.030 0.094

HOAs = higher-order aberrations; * p < 0.05; a lower and higher-order aberrations included; b astigmatism and
secondary astigmatism included.
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In terms of contrast sensitivity testing, the in-bag group performed better under
daytime luminance conditions with or without glare interference but similar to those in the
scleral-fixation group under twilight or night conditions (Table 3). For the in-bag group
and scleral-fixation group, 53 (71.62%) and 11 eyes (47.83%) were tested for perceptive
dysphotopsia, respectively. The mean questionnaire scores for subjective dysphotopsia
under mesopic conditions with glare showed no significant differences between the two
groups. Symptoms of glare, halo, coma, and starburst were similar in both groups (p > 0.5).

Table 3. Postoperative contrast sensitivity of eyes following in-bag and scleral-fixated intraocular
lens implantation.

(AULCSF ± SD) In-Bag (n = 74) Scleral Fixation (n = 23) p Value

Day (100 cd/m2)
Glare off 1.345 ± 0.395 1.073 ± 0.549 0.011 *
Glare on 1.314 ± 0.333 1.065 ± 0.521 0.008 *

Twilight (10 cd/m2)
Glare off 1.179 ± 0.317 1.046 ± 0.434 0.114
Glare on 1.060 ± 0.356 0.887 ± 0.479 0.065

Night (5 cd/m2)
Glare off 1.085 ± 0.316 0.972 ± 0.371 0.157
Glare on 0.783 ± 0.359 0.658 ± 0.443 0.173

AULCSF = area under the log contrast sensitivity function; * p < 0.05.

The results of GEE for contrast sensitivity are described in Figure 1 and Table 4. Age had
significantly negative effects on contrast sensitivity under photopic and mesopic conditions,
and the surgical technique (in-bag and scleral fixation) did not affect the results of contrast
sensitivity after controlling for the age effect. LogMAR and ocular aberrations had significantly
negative effects on contrast sensitivity under every luminance condition with or without glare
interference. No significant variable was determined in the GEE for dysphotopsia.

 

Figure 1. Forest plot depicts the coefficient of each factor and its 95% confidence interval (CI) in a multiple
regression analysis for factors associated with contrast sensitivity. The x-axis represents the reference
line (dashed), the value of coefficient (dot), and 95% CI (strip). AULCSF = area under the log contrast
sensitivity function; IOL = intraocular lens; LogMAR = logarithm of the minimum angle of resolution.
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Table 4. Multivariate generalized estimating equation (GEE) analysis of contrast sensitivity under
every luminance condition with or without glare interference.

Variables
Day Time
Glare off

Day Time
Glare on

Twilight
Glare off

Twilight
Glare on

Night Time
Glare off

Night Time
Glare on

β (SE) β (SE) β (SE) β (SE) β (SE) β (SE)
Age −0.008 (0.004) * −0.008 (0.004) * −0.005 (0.003) −0.007 (0.004) −0.007 (0.003) * −0.009 (0.004) *

Gender 0.080 (0.082) 0.095 (0.076) −0.027 (0.070) 0.013 (0.073) −0.027 (0.069) 0.030 (0.077)
Surgical

technique −0.127 (0.113) −0.145 (0.097) −0.012 (0.085) −0.014 (0.096) −0.039 (0.082) −0.053 (0.102)

Pupil size 0.069 (0.039) 0.035 (0.034) 0.007 (0.029) 0.014 (0.033) −0.024 (0.028) 0.032 (0.035)
IOL type Aspheric −0.077 (0.091) −0.007 (0.082) 0.097 (0.074) 0.077 (0.080) 0.122 (0.072) 0.075 (0.084)

Toric −0.126 (0.107) −0.015 (0.093) 0.036 (0.081) 0.059 (0.092) 0.040 (0.078) 0.042 (0.097)
LogMAR −0.698 (0.277) * −0.700 (0.235) ** −0.590 (0.200) *** −0.776 (0.234) ** −0.406 (0.191) ** −0.677 (0.248) *

Ocular
aberrations −0.460 (0.106) *** −0.387 (0.090) *** −0.417 (0.078) *** −0.458 (0.090) *** −0.405 (0.075) *** −0.333 (0.095) ***

IOL = intraocular lens; logMAR = logarithm of the minimum angle of resolution; SE = standard error; * p < 0.05;
** p < 0.01; *** p < 0.001.

4. Discussion

This study demonstrated that the mean CDVA, spherical equivalent, and ocular HOAs
were significantly better in the in-bag group than in the scleral-fixation group. However,
in the contrast sensitivity test, no difference was noted between the groups except under
photopic conditions, which was compatible with the result of the subjective dysphotopsia
questionnaire. The factors related to low-contrast sensitivity were age, logMAR, and
ocular aberrations.

Mimura et al. [15] reported that the mean spherical equivalent was –1.16 ± 2.28 D for
transscleral-fixated IOL implantation at 2 years, and Mizuno et al. [16] indicated that the
mean postoperative CDVA in the logMAR at 1 month was 0.25 ± 0.41. Both results were
similar to those of our study. Huang et al. [17] determined that IOL scleral fixation induced
an average 1.66 D myopic shift, which may be caused by the more anterior placement of
the scleral-fixated IOLs [16]. Hayashi et al. [8] demonstrated that anterior chamber depth
with sutured IOLs was shallower than that with in-bag IOLs, which caused a significant
myopic shift. Other studies [18–21] have also reported an increase in spherical equivalent
in those who underwent IOL scleral fixation.

Most of our patients who received transscleral IOL fixation were men, and they were
much younger than those who underwent in-bag IOL implantation. The main reason for
scleral fixation was trauma experienced during labor work, and the majority of laborers
were men. One study [15] with a 12-year follow-up noted that the mean patient age
after scleral fixation was 61.7 years, and another study [10] recorded more men in their
scleral-fixation group than in the in-bag group (44.4% vs. 41%), which was similar to
our study.

Ocular coma aberration was significantly greater in the scleral-fixation group than
in the in-bag group. A study [10] indicated that IOL tilt correlated with ocular coma-like
aberrations. Therefore, an increase in ocular coma aberrations in the scleral-fixation group
in our study suggests the contribution of an IOL tilt. Ocular trefoil aberration was also
greater after scleral fixation. Torii et al. [22] noted the same results and reported that
postoperative ocular, corneal, and internal trefoil-like aberrations were significantly greater
in their scleral-fixation group than in the intracapsular group. Spherical aberration was
correlated with the implanted IOL type, and aspheric IOLs were associated with lower
spherical aberrations than spherical IOLs. Our results demonstrated that the percentage of
aspheric IOLs, including those that were toric, in the scleral-fixation group was comparable
to that in the in-bag group (74.32% vs. 60.87%, p = 0.21), indicating no difference in ocular
spherical aberration between the two groups.

In this study, we observed that patients with scleral-fixated IOLs had worse contrast
sensitivity only under photopic conditions, which may be attributable to poor visual acuity
and more ocular aberrations in this group. Additionally, visual acuity may predict contrast
sensitivity. Rubin et al. [23] reported a linear regression with a correlation coefficient of
−0.56 for the logMAR and contrast sensitivity in patients with cataracts. Another study [24]
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demonstrated consistent results, with a significant correlation between the logMAR and
contrast sensitivity (r = −0.55). Contrast sensitivity was also affected by ocular aberrations
in this study. Many studies [25,26] have reported that deteriorated contrast sensitivity is
related to increased HOAs in eyes that underwent keratorefractive surgery. For cataract
surgery, however, no studies have indicated such results. Our result suggested that an
increase in ocular aberrations contributed to the loss of contrast sensitivity in pseudophakic
eyes, which has never before been published. Research into contrast sensitivity in patients
with scleral-fixated IOLs was scarce. Gao et al. [27] concluded that IOL decentration and a
tilt less than 0.5 mm and 5◦, respectively, did not affect postoperative contrast sensitivity
under dim light conditions. The results of perceptive dysphotopsia tested in our study also
indicated no significant difference between these two groups under mesopic conditions.
In the multivariate regression, surgical technique did not significantly affect the extent of
subjective glare disability.

Most patients in the scleral-fixation group received Akreos IOLs four-point fixation.
Compared with traditional two-point scleral fixation, this technique has a low risk of
IOL tilt and decentration. In addition, cystoid macular edema and glaucoma were less
commonly observed with four-point fixation [28]. With regard to other complications after
suture-fixated IOL procedures, only one suture exposure was noted in our study, which
was markedly low compared with a report indicating a 6–27% probability of suture-related
complications in transscleral-sutured IOL surgery [5].

Our study had several limitations. First, the sample size of the scleral-fixation group
was not large, but the subjective and the objective refraction were both consistent with
those of other studies. Second, in this study, we could not evaluate the preoperative
visual function because many of our patients were referred from other medical facilities
for IOL fixation, and we could not assess the extent of visual improvement following
surgery in the scleral fixation group. The causes for inferior CDVA in scleral fixation
group could be our fixation method or prior insults, such as trauma or a complication of
cataract surgery. This is intrinsic, and it is not possible to differentiate. However, our result
showed that with an advanced scleral fixation technique, patients subjectively did not
suffer from worse contrast sensitivity than patients with in-bag IOL implantation. Third,
several different IOL types were used in our study, providing different spherical aberrations
of IOLs, which affected ocular spherical aberrations [2,29–31]. However, the percentage
of spherical or aspheric IOLs in these two groups was similar, as were the ocular and the
internal spherical aberrations. In our multivariate generalized estimating equation analysis,
the IOL type (spherical, aspheric, or toric) had no significant effect on contrast sensitivity.
Fourth, the patients in the scleral-fixated group were younger than those in the in-bag
group, and age was reported to have a negative effect on contrast sensitivity [32,33]. Our
result also demonstrated that patients with older age were associated with worse contrast
sensitivity. However, after controlling for the age effect, the surgical technique (in-bag and
scleral fixation) did not affect the results of contrast sensitivity. Finally, instead of using
commercially available dysphotopsia questionnaires [34], we utilized a newly designed
method of evaluating dysphotopsia under simulated nighttime luminance. The strength of
our study was the simultaneous investigation of objective contrast sensitivity and subjective
glare disability following transscleral-sutured IOLs procedures, both of which provided
consistent results.

In summary, our study demonstrated that although the logMAR, spherical equivalent,
and higher-order aberrations were greater following scleral fixation, there was no significant
difference between scleral-fixated IOLs and in-bag IOL implantation in terms of the visual
quality and the contrast sensitivity under mesopic conditions. The age, logMAR, and ocular
aberrations had negative effects on contrast sensitivity in patients with pseudophakia under
different luminance conditions. It is noteworthy that perceptive dysphotopsia under a dim
light was similar between these two groups, which means the patients’ satisfaction was
comparable, and it is as convincing as the objective measurements when evaluating visual
quality. In addition, our study suggested that careful manipulation by a well-experienced
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surgeon could provide satisfactory outcomes in patients who received transscleral-sutured
IOLs with four-point fixation. However, refinement of suturing techniques in scleral
fixation is still required to reduce ocular aberrations and to preserve contrast sensitivity
under daylight conditions. Further studies should include a larger sample size, sutureless
technique, and matched case-control study design, such as age, sex, and visual outcome, to
deepen our understanding of the visual quality of IOL scleral fixation.
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We appreciate the insightful comments [1] on our article [2]. We reply as follows:
(1) We agree with their opinion that the paper by Rosa et al., where a formula to

estimate keratometry (K) before refractive surgery (Kpre) based on the postoperative
posterior corneal power was proposed [3], is important for this topic and thus should have
been cited in this article.

(2) The corneal refractive power used in the SRK/T formula is optimized to the
keratometric value, which estimates the total corneal refractive power from the anterior
surface of the cornea. The ISS method is a double-K method based on the SRK/T formula
using the K value with the IOL master and the axial length of the eye, and it is not
appropriate to directly input the Pentacam measurements as the Kpost [4]. Therefore,
the ISS method uses the IOL Master measurements to calculate IOL power using the
Double-K method, determines the C-factor based on the correlation between the refractive
error of Double-K method and the A-P ratio derived from Pentacam, and adjusts the
target refraction value. The Pentacam measurements are only used to determine the A-
P ratio of corneal curvature, and do not correspond to the point made by Cione et al.
that data derived from different machines cannot be used interchangeably. Incidentally,
there are other instruments besides the Pentacam that can measure and calculate the
anterior–posterior corneal curvature ratio, including anterior segment OCT, but since the
measurement principle is different, we believe that the anterior–posterior corneal curvature
ratio measured with anterior segment OCT cannot be used in the ISS method without
modification. Therefore, it should be noted that the calculation of the A-P ratio is not
compatible between different models. If the A-P ratio measured by anterior segment OCT
is to be used, it is necessary to calculate the C-factor from the correlation between the A-P
ratio measured by anterior segment OCT and the refractive error of the Double-K method.

(3) Our study was designed to compare the ISS method with other IOL calculation
methods commonly used for cataract surgery in the post-LASIK eye, primarily those
included in the American Society of Cataract and Refractive Surgery calculator, rather than
an exhaustive comparison of all methods. We hope to compare other IOL power calculations
in the future, including ALMA [5], which is not included in the ASCRS calculator.

(4) Regarding the evaluation of PE, as has been pointed out, the conversion from IOL
PE to PE is an estimate, and there may be differences in the amount of PE change per 1 D
depending on the IOL degree. In the present study, the mean IOL power was 20.63 ± 2.20 D
(15.0–24.0 D), and many cases used a power around 20.0 D, which may have caused errors
in the IOL PE to PE conversion but had relatively little effect on the results. Furthermore,
the optical design of IOLs differs depending on the type of IOL, which may affect the

J. Clin. Med. 2022, 11, 2708. https://doi.org/10.3390/jcm11102708 https://www.mdpi.com/journal/jcm63



J. Clin. Med. 2022, 11, 2708

amount of change, but only one type of IOL was used in this study, and the influence of the
type of IOL on the error was eliminated. However, this is a limitation of this evaluation
method, as indicated by Cione et al.

(5) Although the IOL power calculation analysis for normal eyes requires a process of
optimizing the IOL constant for the data set to achieve a mean error (ME) of 0, deriving an
optimized IOL constant for a special case such as post-LASIK eyes in clinical practice is not
an exact process or applicable to future cases; some have suggested that it is inappropriate
because it is not considered possible [6]. In addition, the number of cases of atypical eyes
is small, and it is difficult to optimize the IOL constants. What is clinically required is
a formula that can be used with the same constants as for normal eyes and still provide
accurate results. Therefore, in this study, IOL power calculations were performed using
standard IOL constants optimized for normal eyes, and no further optimization of the data
set of IOL constants was performed. The ISS method has the advantage of using the A
constant of the SRK/T formula, which is optimized for normal eyes.

(6) The papers published in the past 10 years indicate that it is advisable to publish
studies that include a sample size of about 200 eyes for normal eyes and at least 50 eyes for
atypical eyes, such as after refractive surgery [7]. The cases in the current study were limited
to one eye per patient and one type of IOL, which we hope will reduce the possibility of
statistical error. It should be added that all of the objective eyes in this study were limited
to cases in which 20/20 or better visual acuity was achieved, which does not mean that the
accuracy of the postoperative refractive error is insufficient.

As for the statistics, data were verified for non-normality using the Kolmogorov–
Smirnov test. The percentages of eyes within ±0.25 D, ±0.50 D, and ±1.00 D of PE were
compared using Fisher’s exact test and Bonferroni correction, following the methods used
in previous reports [8,9].

We compared the percentage of eyes within ±0.25, ±0.50 and ±1.00 D of PE by
Cochran’s Q test [7], as suggested by Cione et al. The percentages of eyes within ±0.25
D, ±0.50 D, and ±1.00 D of PE were significantly different (p < 0.0001, p < 0.0001, p = 0.006),
respectively. Furthermore, the comparison between formulas was analyzed by the McNe-
mar test with Bonferroni correction, and the ISS method was significantly better than the
Potvin–Hill Pentacam method at ±0.25 D (p = 0.015). At ±0.50 D, the ISS method was better
than the Potvin–Hill Pentacam method (p = 0.044) and significantly better than the Haigis-L
formula (p = 0.044), and at ±1.00 D, the Cochran Q test showed a significant difference, but
no significant difference could be detected in the comparison between each formula.

We would like to add a comment about the evaluation of the median absolute value
of error (MedAE), as suggested by Cione et al. The Friedman test with a post hoc test
(Bonferroni multiple test) showed that the ISS method was significantly different from
all formulas (p < 0.0001 for all) except the Barrett True-K formula; the Shammas No-
history method and the Haigis-L formula were significantly different from the Potvin–Hill
Pentacam method (p = 0.001, p = 0.0001); and the Barrett True-K formula was significantly
different from the Shammas No-history method and the Potvin-Hill Pentacam method
(p = 0.019, p < 0.0001).

As mentioned above, although results with additional statistical analysis are also
shown, the predictability of the ISS method was equal to or better than several other
formulas. In addition, it should be noted that Pentacam should be used when using the A-P
ratio of corneal curvature radius in the ISS method, and that the A-P ratio is not compatible
with other instruments. We thank the authors again for their commentary on the evaluation
methods of the multiple IOL frequency formulas used in this study.
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Abstract: Background: The introduction of non-invasive diagnostic tools in ophthalmology has
significantly reshaped current clinical practice in different settings. Recently, different anterior
segment (AS) intraoperative optical coherence tomography (i-OCT) systems have been employed for
different interventional procedures including cataract surgery. Materials and Methods: A review on
the use of AS i-OCT in the management of cataract surgery, following the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses guidelines (PRISMA). The level of evidence according to
the Oxford Centre for Evidence-Based Medicine (OCEM) 2011 guidelines, and the quality of evidence
according to the Grading of Recommendations Assessment, Development and Evaluation (GRADE)
system were assessed for all included articles. Results: Out of 6302 articles initially extracted,
6302 abstracts were identified for screening and 32 of these met the inclusion/exclusion criteria for
full-text review; 19 articles were excluded. Conclusions: The use of AS i-OCT in cataract surgery,
even if only a few studies have a high level or grade of evidence, may represent a useful tool for
novel surgeons approaching phacoemulsification but also for expert ones for teaching purposes and
to plan and manage complicated cases.

Keywords: anterior segment OCT; intraoperative OCT; cataract surgery; surgical technique

1. Introduction

Cataract surgery is one of the most cost-effective healthcare interventions. It affects
both physical and psychological health [1,2] and it has undergone a significant modern-
ization in the past fifty years [3]. Indeed, this procedure has been made effective and
safe thanks to the introduction of minimally invasive techniques and the availability of
innovative equipment.
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Recently, intraoperative optical coherence tomography (i-OCT) systems have been
integrated into ocular microscopes, providing useful feedback for the surgeons of both the
anterior and posterior segments of the eye [4,5].

I-OCT is a non-invasive, real-time method with high resolution that can image the
finest ocular structures even through mediums with significant opacity. However, to date,
the extent of the actual benefits of the application of i-OCT into common clinical practice is
still debated [6].

This review aims at summarizing the current applications of anterior segment (AS)
i-OCT in the management of cataract surgery while assessing the level and quality of the
studies included in the review.

2. Materials and Methods

This systematic review was conducted and reported by the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) guidelines [7]. The review protocol
was not recorded in the study design, and no registration number is available for consul-
tation. The methodology used for this comprehensive review consisted of a systematic
search of all available articles exploring the use of AS i-OCT in patients undergoing cataract
surgery. A literature search of all original articles published up to November 2021 was
performed in parallel by two authors (MDT and MW) using the PubMed database.

The following terms were employed for “Cataract Extraction” (Mesh) OR “Refractive
Errors” (Mesh) OR “Cataract” (Mesh) OR “Lens Implantation, Intraocular” (Mesh) OR
“Anterior Eye Segment” (Mesh) AND “Tomography, Optical Coherence” (Mesh).

Furthermore, the reference lists of all identified articles were examined manually to
identify any potential study not captured by the electronic searches. After the preparation
of the list of all electronic data captured, two reviewers (MDT and MW) examined the
titles and abstracts independently and identified relevant articles. Exclusion criteria were
review studies, pilot studies, case series, case reports, photo essays, and studies written in
languages other than English. Moreover, studies performed on animal eyes, cadaveric eyes,
and pediatric patients were excluded as well.

The same reviewers registered and selected the captured studies according to the
inclusion and exclusion criteria by examining the full text of the articles. Any disagreement
was assessed by consensus, and a third reviewer (MB) was consulted when necessary. No
effort was made to contact the corresponding authors for further unpublished data. All
selected articles were analyzed to assess the level of evidence according to the Oxford Centre
for Evidence-Based Medicine (OCEM) 2011 guidelines [8], and the quality of evidence
according to the Grading of Recommendations Assessment, Development and Evaluation
(GRADE) system [9].

3. Results

The results of the search strategy are summarized in Figure 1. From 6302 articles
extracted from the initial research, 6302 abstracts were identified for screening and 32 of
these met the inclusion/exclusion criteria for full-text review. Nineteen articles were
excluded (Figure 1).

Studies’ characteristics, main results, level, and grade of the available evidence about
the role of AS i-OCT in cataract surgery management are summarized in Table 1.
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Figure 1. Flow diagram of the study according to Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines [7].
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No data synthesis was possible for the heterogeneity of available data and the design
of the available studies. Thus, the current review reports a qualitative analysis, detailed
issue-by-issue below narratively.

The i-OCT visualization of ocular changes occurring during cataract surgery (both
standard and femtosecond-laser-assisted using LenSx Laser System -Alcon Laboratories)
was described by Das et al. [10]. The i-OCT employed was the RESCANTM 700 (Carl Zeiss
Meditec), which is a 3 dimensional (3D) spectral-domain OCT (SD-OCT) characterized by a
wavelength of 840 nm, an axial resolution of 5.5 μm, and an A-scan depth of 2000 μm. Con-
tinuous video monitoring permitted assessment of wound morphology (length, breadth,
number of planes, epithelium disruption, amount of wound gape, endothelial alignment,
Descemet membrane detachment-DMD) and wound closure adequacy (corneal stroma
whitening and thickening induced by hydration of the side port and the main incision was
qualitatively estimated), to visualize capsulorhexis, to clearly monitor hydrodissection and
hydrodelineation procedures. Interestingly in two out of three posterior polar cataracts
(PCCs), the opacity could be clearly distinguished from the posterior capsule and a safe
hydrodissection was performed. Moreover, they applied i-OCT to image the distention of
the capsular bag during intumescent cataract surgery, to decide the exact depth of trenching,
and to assess the amount of wound distortion during intraocular lens (IOL) implantation,
to check the final IOL position.

Tañá-Sanz et al. studied four AS parameters obtained intraoperatively with the i-
OCT integrated into the Catalys (Johnson & Johnson Vision) femtosecond laser platform,
which is an AS SD-OCT characterized by a central wavelength of 820–930 nm and an axial
resolution of <30 μm [11]. The parameters included in the analysis were anterior chamber
depth (ACD), central corneal thickness (CCT), lens thickness (LT), and white-to-white
(WTW). They compared these parameters with those acquired preoperatively with two
swept-source OCT (SS-OCT) biometers (IOLMaster 700-Carl Zeiss Meditec- and Anterion-
Heidelberg Engineering). Statistically significant differences were shown for all parameters,
with the Catalys being associated with the greatest values of ACD (mean difference with
Anterion: +0.183 ± 0.056 mm; mean difference with IOL Master 700: +0.250 ± 0.054 mm),
CCT (mean difference with Anterion: +32.110 ± 9.347 μm; mean difference with IOL Master
700: +24.473 ± 10.897 μm) and LT (mean difference with Anterion: +0.026 ± 0.024 mm;
mean difference with IOL Master 700: +0.088 ± 0.029 mm) and the shortest WTW (mean
difference with Anterion: −0.236 ± 0.604 mm; mean difference with IOL Master 700:
−0.385 ± 0.575 mm).

Waring et al. used Catalys’ i-OCT to study possible correlations among ACD, LT, lens
diameter (LD, the distance from the intersections of the anterior to posterior lens surfaces),
and lens volume (LV, the volume of the lens calculated from the measured anterior and
posterior lenticular surface curvatures that were extended to intersect in the lenticular
periphery) [12]. While ACD and LT could be easily detected, LD and LV could be acquired
only by i-OCT and were related to lens aging. It was found that LV had a strong positive
correlation with both LT and LD; all three lens anatomy parameters demonstrated a positive
correlation with age (moderate for LT and LV, weak for LD). ACD showed a moderate
inverse correlation with LT, a weak positive correlation with LD, and a weak inverse
correlation with LV. Biometric data obtained with IOL Master 500 (Carl Zeiss Meditec)
were also included. AL had a weak correlation with LD, a weak inverse correlation with
LT, and no correlation with LV. The authors provided regression equations to predict LD
and LV from conventionally available parameters (AL, ACD, LT, age, average WTW, and
average keratometry).

Hirnschall et al. studied if intraoperative lens capsule position after crystalline lens
removal could represent a useful parameter to predict IOL position [13]. A capsular tension
ring (CTR) was introduced in all patients to cause a taut and straight planar posterior
capsule. They used a prototype of an AS time-domain OCT (Visante-Carl Zeiss Meditec-,
characterized by a wavelength of 1310 nm and an axial resolution of 18 um) combined with
an operating microscope. During surgery, four screenshots were taken: at the beginning of
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surgery, after irrigation/aspiration (I/A) of cortical material and Ophthalmic Viscosurgical
Device (OVD) removal, after implantation of a CTR, and at the end of surgery. Intraoper-
ative parameters were combined with ACD values acquired preoperatively, 1 hour after
surgery, and three months postoperatively with PCI meter (Carl Zeiss Meditec), IOLMaster
500, and ACMaster (Carl Zeiss Meditec). Regarding immediate postoperative ACD, the
position of the anterior capsule post-CTR insertion (CTRa) was associated with the highest
variable importance projection (VIP), followed by the position of the anterior lens capsule
after lens removal without a CTR, whereas the posterior lens capsule was a poor predictor.
Regarding 1 hour after surgery ACD, it was found that AL and CTRa were excellent pre-
dictors, preoperative ACD was good, while LT was poor. AL, CTRa, and preoperatively
measured ACD turned out to be excellent predictors of three-month after surgery ACD,
while LT was a poor predictor.

In their study, Kurosawa et al. reported a case of posterior capsule dehiscence induced
by misdirected laser irradiation, caused by the detection of a high OCT intensity area in
the anterior vitreous (misinterpreted as the posterior capsule) [14]. They consequently
proposed a method to avoid this complication, called LT inspection: it stands for comparing
pre-operative LT (detected with IOL Master 700 and CASIA2, TOMEY) with intraoperative
LT (detected with Catalys’ i-OCT) before laser irradiation and, eventually, to manually
correct intraoperative data based on this comparison. A total of 546 patients underwent
LT inspection: in one case, an inappropriate posterior capsule line was shown, and LT in-
spection avoided its break. Additionally, 474 patients were retrospectively analyzed, and it
was found that four patients (including the previously mentioned case of posterior capsule
dehiscence) had an inappropriate posterior capsule detection. However, the “posterior
capsular safety margin” (which is a laser setting) of 500 μm avoided the complication in
three out of four patients.

Palanker et al. developed a system combining a frequency-domain OCT (FD-OCT,
characterized by an axial resolution of 11 mm) with a femtosecond laser system [15].
They made a comparison of laser capsulotomies and manual capsulorhexis in terms of
size (measured along the x and y axes, repeated after rotation by 45◦) and shape (the
circularity was measured as a ratio of the sample area to the area of a disk with a diameter
corresponding to the greatest linear dimension of the sample—this ratio is equal to 1 in
an ideal circle). Measurements were obtained during surgery right after the capsular disk
removal (with a Seibel Rhexis ruler), on the extracted capsule (after removal, they were put
between glass slides, stained with 0.5% trypan blue, and then digital light microscopy was
performed), and based on the digital images obtained during slit lamp exam one week and
one month after surgery. Deviation from the intended size was −282 ± 305 μm in manual
capsulorhexis and 27 ± 25 μm in laser capsulotomy. Concerning circularity, they calculated
a 0.77 ± 0.15 ratio for manual capsulorhexis, and a 0.95 ± 0.04 ratio for the laser ones.

Titiyal et al. applied the i-OCT integrated on RESCANTM 700 to study the correlation
between morphological characteristics of clear corneal incisions (CCIs) and the incidence
of intraoperative DMD, comparing conventional phacoemulsification to femtosecond laser-
assisted cataract surgery (FLACS) [16]. Firstly, CCIs internal slit openings were classified
by a single surgeon under the operating microscope, at the beginning of surgery before
the occurrence of DMD, as ragged slit (RS, irregular wavy appearance) or smooth slit
(SS, SS-like uniform appearance). RS morphology was observed in 31.2% of cases of the
conventional surgery group and in 13.5% of cases of the FLACS group. Then, incision sites
were assessed after incision creation, after phacoemulsification, after irrigation-aspiration,
after IOL insertion, and after stromal hydration: DMD was described when Descemet
membrane separation from the underlying stroma was visible on i-OCT or both i-OCT and
the operating microscope. Forty-three out of 129 cases experienced localized incision-site
DMD; incidence was significantly higher in cases with RS morphology (87.1%) than SS
morphology (16.3%). All DMDs detected by i-OCT were also detectable under the operating
microscope before stromal hydration: however, only i-OCT could detect an increase in its
size or its onset after stromal hydration (which represented the phase in which the higher
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rate of DMD occurred-83.7% cases). Incision sites were also checked one day and thirty
days after surgery using slit-lamp biomicroscopy and AS-OCT (RTVue-100; Optovue): at
day 30, incision-site DMD wasn’t detectable in any case.

Song et al. analyzed the location of the pupil center (PC), the limbal center (LC),
and the lens center (which can be extrapolated from the location of anterior and posterior
lens capsule lines) with Catalys’s i-OCT in patients undergoing FLACS [17]. Angle K
(consequently, the location of the visual axis-VA) was acquired preoperatively with OPD
scan III (Nidek). Lens center-LC distance was 0.205 ± 0.104 mm, lens center-VA distance
was 0.296 ± 0.198 mm, while lens center-PC distance was 0.147 ± 0.103 mm (the smallest
one); the LC was located significantly inferiorly and temporally compared to the PC. In
regards to distances from the VA, the PC had a distance of 0.283 ± 0.161 mm, the LC of
0.362 ± 0.153 mm, and the lens center of 0.296 ± 0.198 mm.

In their study, Mastropasqua et al. studied capsulorhexis features after FLACS and
manual cataract surgery [18]. Enrolled patients were randomly divided into three groups:
patients of the first group underwent FLACS with Lensx platform (high-definition OCT
visualization system), and for the second group Lenstar (Lenstar) FLACS was applied
(which is guided by an integrated 3D confocal structured imaging system), while the
standard manual technique was used for the last group. Regarding capsulotomy circularity,
in the first seven days after surgery it was statistically significantly better in laser groups,
but no statistically significant differences were observed at 30 days and 180 days. At all
time points, the manual capsulorhexis area was significantly smaller than the laser one.
Laser capsulotomies were also associated with a statistically significantly lower deviation
from the intended size. In regards to the distance between the pupil centroid and IOL
centroid, it was statistically significantly lower in laser groups than in the manual group;
the distance between the pupil centroid and capsulotomy was also statistically significantly
lower in laser groups than in the manual group.

Titiyal et al. analyzed morphological features and intraoperative behavior of white
cataracts with RESCANTM 700 i-OCT [19]. Regarding surgical steps, capsulorhexis was
done under a cohesive OVD (starting with a 26-gauge bent needle cystotome and ending
using a micro forceps or needle cystotome based on the intraoperative characteristics).
Bimanual I/A of cortical material was needed if an impending risk of capsulorhexis escape
was detected. Difficulties in capsulorhexis were subjectively assessed by the operating
surgeon based on the surgeon’s control over the size and circularity of the rhexis while
performing the anterior capsular flap tear. After gentle hydrodissection, nuclear emulsi-
fication and eventually I/A were performed, ending with IOL implantation. Four kinds
of cataracts were described: type I (characterized by regularly organized cortical fibers),
type II (with a more convex anterior capsule and multiple intralenticular clefts), type III
(in which the convexity of the anterior capsule and the clefts were combined with areas
of homogeneous ground glass appearance), and type IV (in which the anterior lens cortex
had a homogeneous ground-glass appearance). Type I underwent uncomplicated capsu-
lorhexis; in type II cataracts, i-OCT showed a cortical bulge in the anterior chamber during
initial nick creation, standing for raised intralenticular pressure with a high risk of rhexis
extension and leading the surgeon to perform a bimanual I/A till its lowering; regarding
type III and type IV, the lowering of intralenticular pressure was observed at the beginning
of the rhexis, outlining an increased risk of extension.

Titiyal et al. also analyzed morphological features of PPCs during standard pha-
coemulsification by using RESCANTM 700 i-OCT [20]. At the beginning of surgery, i-OCT
was used to assess the morphology of PPC (observed as a hyperreflective region in the
posterior pole area), the relation of the opacity to the posterior capsule (which appears
as a continuous hyperechoic concave line limiting the posterior aspect of the nucleus)
and integrity and continuity of the posterior capsule. After hydrodelineation, the relation
between posterior capsule and epinuclear cushion was valued to notice any posterior
capsule-epinucleus fluid interface causing accidental hydrodissection. Three types of PPCs
were consequently described: type I was characterized by an intact posterior capsule visu-
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alized along the entirety of the posterior polar opacity, with rly d from the capsule; in type
II, the dense central region of PPC was apparently adherent to the posterior capsule, which
could be detected only in the periphery; in type III the posterior capsule status couldn’t be
analyzed at all. The preoperative AS-OCT features correlated with the i-OCT features. Type
I underwent gentle hydrodissection in addition to hydrodelineation and intraoperative
posterior capsule break never occurred; type II and III underwent just hydrodelineation.
Accidental hydrodissection occurred in 1 PPC type II during hydrodelineation; however,
the posterior capsule remained intact till the end of surgery. Moreover, the incidence of cap-
sule dehiscence in these i-OCT-guided surgeries (7.5%) was also retrospectively compared
to not i-OCT-guided surgeries (11.1%) and statistically significant differences were noted.

Anisimova et al. studied the Berger space during and after 15 FLACS and 13 stan-
dard phacoemulsifications [6]. Videos were recorded immediately after IOL implantation
(through the application of i-OCT integrated on RESCAN TM) and in the early postopera-
tive period (with the RTVue XR 100, Optovue). Berger space was detected in 75% of cases
intraoperatively and in 82% of cases postoperatively; in 32% of cases postoperatively, it
was occupied by hyperreflective spots and particles, while i-OCT turned out to be more
sensitive (57% of cases).

Juergens et al. described the potential benefits of i-OCT during 29 surgical procedures,
among which four were cataract surgeries [21]. They employed EnFocus Ultra-Deep OCT
(Leica Microsystems) integrated into the microscope, characterized by a maximum pen-
etration depth of 11 mm, a maximum axial resolution of 9 μm, and a maximum lateral
resolution of 15–31 μm. The authors described the case of a patient requiring additional im-
plantation of a two-part, brown iris diaphragm because of post-neuro-borreliosis maximum
pupillary rigidity, stating that only i-OCT imaging could assess iris diaphragm position in
the capsule sac because of the poor contrast between the anterior lens capsule margin and
the brown implant.

4. Discussion

The introduction of i-OCT-integrated surgical microscopes might represent a further
step toward a safer and more efficient surgery. To date, different i-OCT systems can be
integrated into an ocular microscope, providing useful feedback for the surgeons both the
anterior and posterior segment surgeons [22,23].

When dealing with AS procedures, this technology provides direct visualization of
anatomic structures before, during, and after surgical maneuvers, allows for an analysis
of surgical planes, guides surgical steps, and helps to detect intraoperative complications,
eventually impacting surgical decision-making [5,24,25].

In their study, Tañá-Sanz et al. demonstrated that some AS parameters (ACD, CCT, LT,
and WTW) obtained with the AS-SD-OCT integrated into the Catalys femtosecond laser
platform differed from those derived from SS-OCT biometers (IOLMaster 700 and Anterion
biometer). According to the authors, these differences could be related to patients’ position
and the mydriasis required for the surgery [11].

In addition to these parameters, which can be easily acquired by traditional biometry,
a greater understanding of lens anatomy (including the dimensions of the aged crystalline
lens and its capsule) could be useful for surgeons and the development of new IOL for-
mulas and technologies. However, most studies have been conducted in research settings,
applying customized devices and not commonly available instruments (such as Magnetic
Resonance Imaging), consequently, results couldn’t be easily applied to clinical practice.
Moreover, the ability of more commonly available biometric data to predict LD and LV
is quite limited. The introduction of i-OCT integrated on femtosecond laser platforms
has facilitated the study of lens anatomy in larger data sets making new lens parameters,
consequently, available [26]. In their work, Waring et al. showed that i-OCT could detect
LV, LD, and LT and they provided regression equations to predict LD and LV from con-
ventionally available parameters. The authors stated this additional info could help in
effective lens position (ELP) estimate/ion (consequently improving IOL power calculation
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and enhancing refractive predictability) and, in new IOL technologies development, such
as capsule refilling [12].

Indeed, the prediction of the IOL position after surgery still represents one of the main
issues when dealing with IOL power calculation [27,28].

Hirnshall et al. analyzed if intraoperative lens measurements, instead of preoperative
ACD measurements, could improve ELP evaluation. It was found that the position of the
anterior capsule after the insertion of a CTR represented an excellent predictor of ACD
before surgery. However, it must be stated that to acquire these values, the use of a CTR was
required (which is not an ordinary step in uncomplicated surgery) and that preoperative
AL and ACD were also associated with high VIP for the prediction of ACD measured three
months after surgery [13].

In cataract surgery, i-OCT might represent a valid device both for standard phacoemul-
sification procedures and for FLACS. Its main applications include the visualization of
corneal incisions and the stromal hydration, the assessment of hydro-dissection, perception
of the trenching depth, and identification of lens positioning [10,29]. Thus, the use of i-OCT
might allow a safer surgical procedure, decreasing the rate of postoperative wound leak
and hypotony and preventing any iatrogenic capsular rupture during hydro-dissection and
phacoemulsification [22,24].

Titiyal et al. compared the morphology of CCIs in conventional phacoemulsification
and FLACS using i-OCT; they noticed that a ragged slit morphology was a significant
predictive factor for incision site DMD and it occurred more frequently during conventional
surgery. Interestingly, the authors stated that all DMDs detected by i-OCT were also
detectable under the operating microscope before stromal hydration; however, an increase
in the extent of DMD or the occurrence of DMD after stromal hydration (which represented
the phase in which the higher rate of DMD occurred—83.7% cases) were only detected
by i-OCT. At any rate, all DMDs solved spontaneously in one month without requiring
additional surgery [16]. The ability to detect an early subclinical DMD, an epithelial
disruption, or a microtear in the inner or outer lip of the wound intraoperatively could be
of great value for the surgeon not only to modify the subsequent steps of surgery but also
to manage the early post-operative period [10].

The location of the Continuous curvilinear capsulorhexis (CCC) is critical for visual
outcomes [30,31]. In conventional cataract surgery, the procedure is guided by the position
of the PC and the LC, which are easily detected using a microscope; in FLACS, they can
automatically be detected, together with an additional parameter called lens center. This
represents very interesting data since the IOL center position will be similar to the center of
the crystalline lens. A precisely sized and centered capsulotomy, enabled by this method,
might improve predictability and control of the IOL placement reducing IOL tilting and
decentration. Song et al. analyzed the relative location of and distance between the PC, the
LC, and the lens center in patients who underwent FLACS. It was found that the PC was
closer to the lens center than the LC whose X and Y coordinate position was significantly
inferior and temporal compared to the PC [17,32].

Palanker et al. compared the size and the shape of laser capsulotomy to manual
ones using a system combining FD-OCT with a femtosecond pattern scanning laser. They
demonstrated that the former was characterized by size more similar to the intended one
than the latter; moreover, they were more circular than manual ones [15].

Mastropasqua et al. analyzed the characteristics of capsulotomies obtained during two
types of i-OCT guided FLACS platforms (Lensx and Lensar) and during a standard manual
technique. Laser-made capsulotomies demonstrated significantly better circularity than the
manual CCCs at seven days, their sizes were much more similar to the intended ones, and
they showed greater IOLs centration than the manual group at all time points [18].

As for biometry images, optical opacity could also affect the quality of i-OCT images,
leading to misleading analysis. During FLACS, precise detection of radiation sites is critical
to correct the direction of spots and to avoid complications. Kurosawa et al. demonstrated
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that LT inspection could guide the surgeon in adjusting laser settings and avoiding posterior
capsule breaks [14].

Moreover, real-time visualization of the trenching depth during phacoemulsification
could be very useful for surgeons in training to decide the exact location to crack the
nucleus during divide and conquer techniques [10].

Many authors have underlined the importance of i-OCT in complicated cases [33].
When dealing with white cataracts, the direct visualization of lens anatomical features
through i-OCT could help anticipate the intraoperative dynamics of spontaneous milky
fluid release, thus letting the surgeon be ready to deal with possible complications, espe-
cially during capsulorhexis [19].

For traumatic cataracts or PPCs, i-OCT could identify a capsular defect preventing fur-
ther complications for the surgeon [20,29,34]. PPCs still represent a surgical challenge [35],
due to the high incidence of posterior capsular break. To prevent it, hydrodissection is
commonly avoided, consequently requiring greater manipulations during cortical clean-up
and longer surgical time. In their study, Titiyal et al. evaluated morphological character-
istics and intraoperative dynamics of PPCs with i-OCT, demonstrating that in the case of
an intact posterior capsule homogenously spaced from the posterior polar opacity (called
“type I PPC”) gentle hydrodissection could be safely performed. At any rate, the authors
declared the preoperative AS-OCT features correlated with the intraoperative ones. More-
over, according to the authors, i-OCT use didn’t reduce the incidence of posterior capsule
dehiscence compared to not i-OCT-guided surgeries [20].

I-OCT could also be helpful in patients with ectopia lentis, preventing further corneal
endothelium damage during lens removal [36,37].

Juergens et al. reported i-OCT to be crucial for the implantation of a two-part brown
iris diaphragm, because of the poor contrast between the anterior lens capsule margin and
the brown implant [21].

Interestingly, i-OCT could detect the presence of direct intraoperative communication
between Berger space and anterior chamber, which might lead to excessive fluid flow
through this segment causing anterior displacement of the posterior capsule thus increasing
the risk for a posterior capsular break and iris prolapse. Anisimova et al. showed that
i-OCT could identify the presence of lens micro fragments and cellular material within
the Berger space for the discontinuity of the zonules and Wieger ligament. with a higher
sensitivity than postoperative OCT. Furthermore, they hypothesized that Wieger ligament
detachment was associated with increased zonular permeability. This observation could be
useful to clarify the mechanism of acute aqueous misdirection syndrome also known as
acute rock-hard eye syndrome (AIRES) [6].

Although i-OCT might represent a helpful and not invasive tool, its application in
clinical practice presents several limitations for cataract surgery. Firstly, intraoperative
measurements are still time-consuming. Secondly, OCT-friendly instruments to reduce
shadowing and integrated calipers are still lacking [10,13]. Moreover, total cataracts or
extremely dense nuclear sclerosis reduce the ability of i-OCT to visualize the posterior
capsule [19,20]. Finally, the analysis of the intraoperative images is not automatic, and it is
still influenced too much by the insights of the observer.

5. Conclusions

In summary, the use of i-OCT in cataract surgery may represent a useful tool for
novel surgeons approaching phacoemulsification, but also for expert ones for teaching
purposes and to plan and manage complicated cases. I-OCT could also be employed to
avoid refractive errors or intraoperative complications in patients with white cataracts or
PPCs and to identify micro fragments in the Berger space. However, only a few studies
have shown a sufficient grade or level of evidence and some limitations have been pointed
out. Prospective studies would be ideal to pursue the question of the advantages of the use
of i-OCT in cataract surgery and the factors or conditions that may indicate its use.
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Abstract: Small incision lenticule extraction (SMILE), with over 5 million procedures globally per-
formed, will challenge ophthalmologists in the foreseeable future with accurate intraocular lens
power calculations in an ageing population. After more than one decade since the introduction of
SMILE, only one case report of cataract surgery with IOL implantation after SMILE is present in the
peer-reviewed literature. Hence, the scope of the present multicenter study was to compare the IOL
power calculation accuracy in post-SMILE eyes between ray tracing and a range of empirically opti-
mized formulae available in the ASCRS post-keratorefractive surgery IOL power online calculator. In
our study of 11 post-SMILE eyes undergoing cataract surgery, ray tracing showed the smallest mean
absolute error (0.40 D) and yielded the largest percentage of eyes within ±0.50/±1.00 D (82/91%).
The next best conventional formula was the Potvin–Hill formula with a mean absolute error of
0.66 D and an ±0.50/±1.00 D accuracy of 45 and 73%, respectively. Analyzing this first cohort of
post-SMILE eyes undergoing cataract surgery and IOL implantation, ray tracing showed superior
predictability in IOL power calculation over empirically optimized IOL power calculation formulae
that were originally intended for use after Excimer-based keratorefractive procedures.

Keywords: SMILE; IOL calculation; ray tracing; cataract surgery

1. Introduction

Small incision lenticule extraction (SMILE), with over 5 million procedures performed
globally, has evolved to one of the most popular and established keratorefractive procedures
for the correction of myopia and myopic astigmatism. In the foreseeable future, the number
of patients with prior SMILE treatment requiring cataract surgery is expected to increase
accordingly in an ageing population. Inevitably, ophthalmologists will be challenged by
accurate intraocular lens (IOL) power calculations for these patients.

There are three major problems in calculating IOL power after any kind of keratore-
fractive surgery. The first and most significant pitfall lies in the so-called keratometric
index error [1]. In traditional keratometry, corneal radii are only measured for the anterior
corneal curvature with the posterior corneal curvature radii being empirically extrapolated
based on the assumption that the ratio between the anterior and posterior corneal curvature
(A/P ratio) is constant, which is not the case after keratorefractive surgery. Secondly, some
standard IOL calculation formulae tend to predict a more anterior effective lens position
(formula error). Thirdly, the central zone of effective corneal power that had been artificially
treated by keratorefractive surgery is estimated from traditional (paracentral) keratometry
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measurements. Therefore, the corneal power tends to be overestimated (instrument error).
All these factors concordantly predispose to an underestimation in required IOL power and
therefore lead to dissatisfying hyperopic residual refractive error after IOL implantation in
eyes with prior myopic keratorefractive surgery [1].

Several methods have been introduced to address these sources of error and to reduce
refractive surprises after keratorefractive surgery [2–9]. New technologies for corneal
power measurements that incorporate measurements of the anterior and posterior corneal
radii (e.g., total keratometry [10]) were established to enable more accurate predictions.
Moreover, sophisticated IOL power calculation formulae have been developed by means of
empirical optimization; some of which consider pre-keratorefractive surgery data (Mas-
ket [11], Modfied-Masket or Barrett True-K formula), and some do not incorporate any
preoperative values (Shammas [12], Barrett True-K no history, Potvin-Hill [13] or Haigis-L
formula [14]). Conveniently, a range of these formulae is readily accessible in the American
Society of Cataract and Refractive Surgeons (ASCRS) post-keratorefractive surgery IOL
power online calculator.

In addition to these empirical formulae, the purely physical ray-tracing approach has
demonstrated very good IOL power calculation outcomes in eyes with prior laser in situ
keratomileusis (LASIK) or photorefractive keratectomy (PRK) [15–18]. The ray-tracing
method measures the true shape of the cornea after corneal refractive surgery by using
the anterior and posterior curvature radii and asphericity of these surfaces. Moreover, the
central IOL thickness, the index of refraction and the true geometrical position, as defined
by the ACD (distance between the posterior corneal apex and the anterior IOL apex), are
used to describe the IOL and calculate its required power accurately. The ray-tracing
method also obviates the need for any further historical or clinical data [5,15–17,19–21].
Ray tracing has been proven to provide reliable and satisfactory results in IOL calculations
not only in treatment-naïve eyes but also in eyes after LASIK and PRK [15,16,18,21,22].

After more than one decade since the introduction of SMILE, only one case report of
IOL calculation and implantation after SMILE is present in the peer-reviewed literature [23].
However, no formula comparison was reported. Hence, there is a deficiency in postopera-
tive refractive data to optimize existing IOL power calculation formulae for post-SMILE
eyes. In addition, corneal aberrometric changes after SMILE are significantly different
when compared to the corneal shape changes after femtosecond laser-assisted LASIK (fs-
LASIK) [24–26], which questions the validity of formulae optimized for Excimer-based
photoablative procedures (e.g., the Masket formula) in post-SMILE eyes.

Consequently, the scope of the present multicenter study was to gather the first cohort
of post-SMILE patients undergoing cataract extraction with IOL implantation. In this
cohort, we set out to compare the refractive prediction error of IOL power calculations
between ray tracing and various empirically optimized formulae available in the ASCRS
post-keratorefractive surgery IOL power online calculator.

2. Materials and Methods

This multicenter cross-sectional study included patients that had previously under-
gone small incision lenticule extraction (SMILE) for the treatment of myopia and/or myopic
astigmatism and later underwent cataract surgery with IOL implantation. The study was
conducted at the University Eye Hospital of the Ludwig–Maximilians University (Munich,
Germany), the SMILE Eyes Clinic Munich Airport (Munich, Germany) the SMILE Eyes
Clinic Trier (Trier, Germany), the SMILE Eyes Center at the Department of Ophthalmol-
ogy of the University of Marburg (Marburg, Germany) and the SMILE Eyes Clinic Linz
(Linz, Austria).

Institutional review board approval of the Ludwig–Maximilians University Munich,
was obtained for all aspects of this study; informed consent to use their data for analysis
and publication was obtained from all subjects and all study-related procedures adhered to
the tenets outlined in the The authors declare no conflict of interest.aration of Helsinki.
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2.1. SMILE Surgery

All SMILE procedures were performed by highly experienced corneal surgeons uti-
lizing the VisuMax 500-kHz femtosecond laser platform (Carl Zeiss Meditec AG, Jena,
Germany) according to the local standards of the participating centers. The intended cap
thickness was programmed at 120–130 μm with an intended optical zone size of 6.3 to
6.7 mm in diameter. At the superotemporal position, a single side cut of 50 degrees with
a circumferential length of 3.0–4.0 mm was created. No intraoperative or postoperative
complications were encountered. The surgical principles of the SMILE technique have been
previously described in detail [27].

2.2. Cataract Surgery and IOL Implantation

Cataract surgery including IOL selection and implantation was performed by highly
experienced corneal surgeons according to the local standards of the participating centers.
Standard phacoemulsification with intracapsular IOL implantation was performed in all
cases. A 2.5 mm clear incision at the steep corneal axis and two paracenthesis incisions
2 clock hours away towards both directions were created. In case of a toric IOL, a clear
corneal incision was created at the temporal corneal aspect. Cohesive and/or dispersive
viscoelastic agents were used at the individual surgeon’s discretion. No intraoperative or
postoperative complications were encountered. The implanted IOL models and powers are
summarized in Table 1.

Table 1. Implanted IOL models, powers and observed prediction errors.

Eye ID Patient ID
Implanted IOL

Model
Manufacturer

IOL Power
(Spherical
Equivalent,
Diopters)

IOL-Power
Calculation

Formula
Used

Prediction Error
(Spherical
Equivalent,
Diopters)

1 1 CT Lucia 601PY Carl Zeiss Meditec
AG (Jena, Germany) 18.5 Haigis-L 0.68

2 1 CT Lucia 601PY Carl Zeiss Meditec
AG (Jena, Germany) 16.5 Haigis-L −0.67

3 2 CT Lucia 601PY Carl Zeiss Meditec
AG (Jena, Germany) 21.0 Haigis-L 1.17

4 3 CT Lucia 611 PY Carl Zeiss Meditec
AG (Jena, Germany) 22.5 Haigis-L −1.27

5 4 AcrySof IQ Toric
SN6AT2/3

Alcon GmbH
(Freiburg, Swiss) 25.0 Haigis-L −0.51

6 4 AcrySof IQ Toric
SN6AT2/3

Alcon GmbH
(Freiburg, Swiss) 24.75 Haigis-L −0.35

7 5 Lentis Comfort
LS-313 MF15

Oculentis GmbH
(Berlin, Germany) 21.0 Haigis-L −0.84

8 5 Lentis Comfort
LS-313 MF15

Oculentis GmbH
(Berlin, Germany) 19.0 Haigis-L −0.58

9 6 Polylens Y 50 P
Polytech-Domilens

GmbH
(Roßdorf, Germany)

19.5 Haigis-L −3.76

10 6 Polylens Y 50 P
Polytech-Domilens

GmbH
(Roßdorf, Germany)

18.5 Haigis-L −1.77

11 7 CT Asphina 409 MP Carl Zeiss Meditec
AG (Jena, Germany) 22.0 Ray tracing −0.62

IOL, intraocular lens; D, diopter.
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2.3. Subjective Refraction

Subjective manifest refraction was measured using the Jackson cross-cylinder method
before and after each procedure. Best-corrected distance visual acuity (CDVA) was deter-
mined using standard ETDRS charts at 4 m.

2.4. Post-hoc IOL Power Calculation

Post-hoc IOL power calculation was performed utilizing dedicated-ray tracing soft-
ware (Okulix; Panopsis, Mainz, Germany, Version 9.01) based on preoperative corneal
tomography scans (Pentacam HR; Oculus Optikgeräte GmbH, Wetzlar, Germany), and
preoperative optical biometry and anterior chamber depth measurements (IOLMaster 500
or 700; Carl Zeiss Meditec AG, Jena, Germany). Moreover, the American Society of Cataract
and Refractive Surgery (ASCRS) post-keratorefractive surgery IOL power online calcu-
lator (Version 4.9; http://iolcalc.ascrs.org; last accessed on 4 October 2021) was used to
calculate the predicted residual refractive error using the following formulae that consider
pre-keratorefractive data: Barrett True K, Masket [11] and Modified Masket. Additionally,
the following formulae available in the ASCRS calculator were used, which do not incor-
porate preoperative data: Barrett True K No History, Haigis-L [14], Potvin-Hill [13] and
Shammas [12]. In accordance with recent recommendations for IOL power calculation stud-
ies [28], no IOL constant optimization was performed but (when appropriate) optimized
IOL constants were used as published on the User Group for Laser Interference Biometry
(ULIB) website (http://ocusoft.de/ulib/index.htm; last accessed on 4 October 2021).

2.5. Statistical Analysis

On the basis of established protocols for studies on IOL power calculation formula
accuracy [28,29], the prediction error (PE) was defined as the difference between the actual
residual refraction and the residual refraction predicted by the respective IOL power
calculation method for the same IOL power and model. The arithmetic mean of the PE was
referred to as the mean error (ME). Moreover, all negative errors were converted to positive
to calculate the mean absolute error (MAE) as well as the median absolute error (MedAE).
Furthermore, the standard deviation, minimum and maximum (range of PE) as well as the
percentage of eyes within ±0.50, ±1.00, ±1.50 and ±2.00 diopter (D) are reported [28,29].
Boxplots were created to illustrate the differences in PE between different IOL power
calculation formulae. Normal distribution was tested by the Shapiro–Wilk method. The
Kruskal–Wallis test was employed to assess the differences in PE between formulae and ray
tracing. In addition, the variance of ME was calculated—a smaller variance indicates better
consistency of a IOL calculation method [30]. The Fisher’s exact test with the Bonferroni
correction was used to test for statistically significant differences between proportions of
eyes with PEs within ±0.50 D and ±1.00 D, respectively., A p-value of <0.05 was defined as
being indicative of statistical significance. All statistical analyses were performed using
SPSS 27.0.0.0 for Windows (IBM Corp.; Armonk, NY, USA).

3. Results

A total of 11 eyes of 7 patients [1 (14%) female] were included with a mean follow
up after SMILE of 2 ± 1 months (range of 1 to 4 months) and a mean follow up after
cataract surgery of 8 ± 11 months (range of 1 to 38 months). The mean period of time
between SMILE and cataract procedures were 31 ± 16 months (range 12 to 54 months).
Subjects’ baseline characteristics are summarized in Table 2. The mean pre- and post-
SMILE manifest refraction spherical equivalent (SE) was −5.15 ± 1.31 diopters (D; range:
−7.00 to −3.00 D) and −0.48 ± 0.57 D (range: −1.63 to +0.38 D), respectively. The mean
preoperative SE before cataract surgery was −2.44 ± 2.48 D (range: −7.63 to +0.63 D). One
patient developed a nuclear cataract, which lead to an index myopia of −7.63 D of SE. After
cataract surgery, the mean SE amounted to −0.68 ± 0.65 D (range: −2.00 to 0.00 D).
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Table 2. Subjects’ characteristics.

Parameter Mean Median SD Range

Age at SMILE (years) 46.43 46 6.75 37 to 55

Age at cataract surgery (years) 49.45 49 7.31 38 to 59

S
M

IL
E

Preoperative Manifest Refraction (D)
Sphere −4.86 −5.25 1.30 −6.50 to −2.75
Cylinder −0.57 −0.50 0.23 −1.00 to −0.25
Spherical Equivalent −5.15 −5.38 1.31 −7.00 to −3.00

Postoperative Manifest Refraction (D)
Sphere −0.34 −0.5 0.5 −1.75 to 0.50
Cylinder −0.27 −0.25 0.24 −0.75 to 0.00
Spherical Equivalent −0.48 −0.50 0.57 −1.63 to 0.38

C
a

ta
ra

ct
su

rg
e

ry

Preoperative Manifest Refraction (D)
Sphere −2.00 −1.5 2.49 −7.00 to 1.25
Cylinder −0.89 −1.00 0.58 −2.00 to −0.25
Spherical Equivalent −2.44 −2.25 2.48 −7.63 to 0.63

Postoperative Manifest Refraction (D)
Sphere −0.45 0.00 0.72 −2.00 to 0.25
Cylinder −0.45 −0.5 0.4 −1.25 to 0.00
Spherical Equivalent −0.68 −0.63 0.65 −2.00 to 0.00

SD, standard deviation; D, diopter; SMILE, small incision lenticle extraction; BCVA, best corrected visual acuity.

The performance of the investigated IOL power calculation formulae in reference to
physical ray tracing is summarized in Table 3 and visualized by boxplots (Figure 1). On av-
erage, the formulae concordantly overestimated the required IOL power. Of all investigated
traditional formulae, the Potvin–Hill formula yielded the smallest ME (−0.06 ± 0.86 D,
range −1.67 to 1.22) and the Shammas formula resulted in the largest IOL power over-
estimation with a ME of −0.96 ± 1.14 D (range −2.32 to 1.07). Ray tracing was the only
method resulting in a hyperopic ME of 0.18 D ± 0.48 D (range −0.43 to 1.22), even though
in absolute terms the ME was the lowest (Table 3). Nevertheless, Kruskal–Wallis testing
revealed no statistically significant differences in ME between the different IOL power
calculation methods (p = 0.16).

Table 3. Formula performance in comparison.

Formula

Prediction Error (D) Absolute Error (D) % of Eyes within PE Range Indicated

Mean SD Range
Variance

(D2)
Mean Median ±0.5 D ±1.0 D ±1.5 D ±2.0 D

Ray tracing 0.18 0.48 −0.43 to 1.22 0.23 0.4 0.36 82 91 100 100

Using
prior data

Masket −0.25 0.98 −1.99 to 1.4 0.95 0.81 0.82 36 64 91 100

Modified-
Masket −0.55 0.91 −2.23 to 0.94 0.83 0.85 0.67 27 64 91 91

Barret True-K −0.27 0.98 −2.32 to 1.07 0.96 0.80 0.72 27 73 91 91

Using no
prior data

Shammas −0.96 1.14 −2.53 to 0.67 1.3 1.14 0.94 27 55 73 91

Haigis-L −0.81 1.28 −3.76 to 1.17 1.63 1.14 0.84 9 64 82 91

Potvin-Hill −0.06 0.86 −1.67 to 1.22 0.74 0.66 0.52 45 73 91 100

Barrett True K
no history −0.44 1.13 −2.90 to 1.12 1.27 0.93 0.67 27 73 91 91

D, diopters; PE, prediction error; SD, standard deviation.
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Figure 1. Prediction errors of IOL power calculation formulae. Blue boxplots show formulae
that incorporate clinical history data and green boxplots show formulae that do not use any prior
keratorefractive surgery data. The red boxplots represent ray tracing. (A) IOL power calculation
formulae ranked from left to right according to their arithmetic prediction errors. (B) IOL power
calculation formulae ranked from left to right according to their MAE. Circles demonstrate the
respective MAE of each formula. (C) IOL power calculation formulae ranked from left to right
according to their MedAE. (D, diopter).

With respect to MAE and MedAE, ray tracing achieved the smallest MAE (0.40 D) and
MedAE (0.36 D) of all examined methods. Of the various tested formulae from the ASCRS
calculator, the Potvin–Hill formula yield the smallest MAE (0.66 D), closely followed by
the Barrett True-K (0.80 D) and the Masket formula (0.81 D). The Potvin–Hill formula also
yielded the smallest MedAE (0.52 D) of all conventional IOL formulae. Kruskal–Wallis
testing, however, revealed no statistically significant differences in MAE (p = 0.085) and
on MedAE (p = 0.095). Regarding the variance of ME, the ray-tracing method showed the
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smallest variance (0.23 D2), followed by the Potvin–Hill (0.74 D2) and Modified Masket
(0.83 D2) formulae. The Haigis-L formula showed the highest variance (1.63 D2).

With 82%, the ray-tracing method yielded the highest percentage of eyes within a
refractive prediction error of ±0.50 D (Figure 2). The next best conventional formula
was the Potvin–Hill formula with an ±0.50 D accuracy of 45%. The Haigis-L formula
showed the lowest ±0.50 D accuracy of 9%. The Fisher’s exact test indicated significant
differences between proportions of eyes with PEs of ±0.50 D (p = 0.034). The Bonferroni
correction was employed to investigate these differences in detail, showing statistically
significant differences between the ray-tracing method and each of the conventional IOL
power calculation formulae (all with p < 0.001). No statistically significant differences
could be found in the proportions of eyes with PEs of ±1.00 D (p = 0.754). Nevertheless,
the ray-tracing method achieved the highest ±1.00 D accuracy (91%), followed by the
Potvin–Hill, Barrett True-K and Barrett True-K no history formulae (all 73%). The Shammas
formula showed the lowest ±1.00 D accuracy of 55%.

 

Figure 2. Histogram analysis comparing the percentage of eyes within given prediction error ranges.
The formulas were sorted by the proportion of eyes within ±0.50 D in descending order.

4. Discussion

In this first study of its kind, ray tracing was compared to six established IOL power
calculation formulae available in the ASCRS online calculator in post-SMILE eyes undergo-
ing cataract surgery. In our analysis, the ray tracing method showed the most accurate IOL
power calculation with a ME of 0.18 ± 0.48 D and 82% of eyes being within ±0.50 D and
91% of eyes within ±1.00 D.

Our findings endorse previous, purely theoretical studies (with no actually performed
cataract surgery) in eyes after SMILE. Lazaridis et al. [31] used a theoretical model in-
cluding virtual IOL implantation to evaluate prediction errors between ray tracing and
four conventional IOL power calculation formulae. In their analysis, ray tracing yielded
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the smallest ME of −0.06 ± 0.40 D and a PE of ±0.5 D in 81.9% of eyes, which is highly
coherent with our findings after actual cataract surgery. Moreover, the lowest ME variance
(as an indicator of the consistency of an IOL power calculation method), was achieved by
ray tracing in both studies. Interestingly, Lazaridis et al. [31] reported better results for the
Haigis-L formula (ME of −0.39 ± 0.62 D and 53.4% of eyes with PEs within ± 0.5 D) as
compared to our “real world” analysis, where Haigis-L yielded the worst ±0.50 D accuracy
of only 9% of all investigated formulae and a ME of −0.81 ± 1.28 D.

In the second previous theoretical study, our group [32] compared the predicted
postoperative residual refractive error of the IOL determined by ray tracing with the
residual refraction of the same IOL as predicted by a range of conventional IOL power
calculation formulae available in the ASCRS post-keratorefractive surgery IOL power
calculator. The Masket formula showed the smallest ME (−0.36 ± 0.32 D) and yielded the
largest percentage of eyes within ±0.50 D (70%) in reference to the prediction of ray tracing,
which was defined as the gold standard method for the purpose of that study. Non-inferior
MEs and ±0.50 D accuracies were achieved by the Barrett True K, Barrett True K no history
and the Potvin–Hill formula [32].

In the third purely theoretical study, Zhu et al. [33] used the concept of equivalent
IOL power differences (EILD) as an indicator for the “stability” of four conventional IOL
calculation formulae in post-SMILE eyes. The Barrett True-K and Haigis formulae showed
similar stability in eyes with axial lengths between 24 and 26 mm (85.19 vs. 88.89% for
a margin of error within 0.5 D; 100 vs. 100% for a margin of error within 1.0 D). In
eyes with an axial length of >26 mm, the Barrett True-K formula was the most “stable”
formula with respective percentages of 81.49 and 92.59% for margin errors within 0.5 and
1.0 D, respectively.

These compiled theoretical data are confirmed by the present “real world” study, in
which the Potvin–Hill and Masket formula showed the best PEs of all conventional formu-
lae. The Potvin–Hill formula yielded the best ME in the present study (ME −0.06 ± 0.86 D
and 45% of eyes within ±0.50 D) closely followed by ray tracing (ME 0.18 ± 0.48 D and
82% of eyes within ±0.50 D) and the Masket formula (ME −0.25 ± 0.98 D and 36% of eyes
within ±0.50 D). Moreover, the accuracy of the Barrett True K formula was non-inferior
when preoperative refractive data were not entered but estimated with the Barrett True
K no history formula. By using adjusted keratometry readings, the Shammas formula
showed the greatest overestimation of IOL power of all the investigated formulae. Highly
congruent findings were also made in the previous theoretical study of our group [32].

As a purely physical approach based on Snell’s law, ray tracing offers many advantages
over conventional IOL power calculation formulae in post-keratorefractive surgery eyes.
Unlike empirically optimized regression formulae, ray tracing does not rely on any fictional
keratometric index or “fudge factors” but utilizes measurements of both the anterior and
posterior corneal radii to determine total corneal power. Hence, the need for any empirical
optimization, clinical history or preoperative refractive data is obsolete. The latter can be
a pivotal advantage in eyes with index myopia due to cataract formation and unknown
post-keratorefractive surgery refraction.

These theoretical methodological advantages of the ray tracing principle have been
previously proven in different samples of post-Excimer ablation eyes undergoing cataract
surgery with IOL implantation [15,16,18]. For instance, Savini et al. [16] yielded 71.4%
of 21 post myopic Excimer ablation eyes within ± 0.50 D and 85.7% within ± 1.00 D
of the predicted refraction utilizing ray tracing. These results seem comparable to our
findings in post-SMILE eyes. Saiki et al. [18] reported slightly subpar outcomes for ray
tracing in their sample of 24 post myopic LASIK eyes with ±0.50 D and ±1.00 accuracies
of 42 and 75%, respectively. Furthermore, the arithmetic prediction error of ray tracing of
0.63 ± 0.85 D indicated an underestimation of IOL power entailing unpleasant hyperopic
residual refractive errors after cataract surgery. In our study, we also observed a minimal
hyperopic ME for ray tracing after SMILE, even though it was more than three times smaller
(0.18 ± 0.48 D).
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First recommendations for clinicians encountering post myopic SMILE patients requir-
ing cataract surgery can be formulated based on the findings of the present study. Physical
ray tracing should be employed for IOL power calculation and surgeons should be aware
of a slight hyperopic ME of less than +0.25 D when selecting the appropriate IOL power,
which is only available in 0.50 D steps for most contemporary IOL models. Ray tracing
calculations should ideally be interpreted in conjunction with the Potvin-Hill and Masket
formula, which should provide comparable results.

Limitations to this study might be found. First and foremost, the study is limited by
its relatively small sample size. Nevertheless, the present work represents the first cohort
of post-SMILE patients undergoing cataract surgery and may provide clinicians important
guidance for IOL power selection. The paucity of post-SMILE cataract cases in Austria and
Germany, where the SMILE technique was developed and first introduced more than a
decade ago, also prompted us to include both eyes of some patients into the analysis. For
the same reason and due to the multicenter approach, the authors felt inclined to accept
multiple IOL types, surgeons and surgical protocols. A further limitation of the present
study is that not all formulae currently available in the ASCRS calculator could be included
as no Atlas-, Galilei- or OCT-based corneal measurements were available.

In summary, this study comprises the first cohort of post myopic SMILE eyes under-
going cataract surgery and IOL implantation. In post-SMILE eyes, ray tracing facilitated
IOL power calculations with a superior accuracy and should be the first choice over con-
ventional IOL power calculation formulae that are empirically optimized for post-Excimer
ablation eyes.
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Abstract: The aim of this study was to investigate the prediction accuracy of intraocular lens (IOL)
power formulas with artificial intelligence (AI) for high myopia. Cases of highly myopic patients
(axial length [AL], >26.0 mm) undergoing uncomplicated cataract surgery with at least 1-month
follow-up were included. Prediction errors, absolute errors, and percentages of eyes with prediction
errors within ±0.25, ±0.50, and ±1.00 diopters (D) were compared using five formulas: Hill-RBF3.0,
Kane, Barrett Universal II (BUII), Haigis, and SRK/T. Seventy eyes (mean patient age at surgery,
64.0 ± 9.0 years; mean AL, 27.8 ± 1.3 mm) were included. The prediction errors with the Hill-RBF3.0
and Kane formulas were statistically different from the BUII, Haigis, and SRK/T formulas, whereas
there was not a statistically significant difference between those with the Hill-RBF3.0 and Kane.
The absolute errors with the Hill-RBF3.0 and Kane formulas were smaller than that with the BUII
formula, whereas there was not a statistically significant difference between the other formulas.
The percentage within ±0.25 D with the Hill-RBF3.0 formula was larger than that with the BUII
formula. The prediction accuracy using AI (Hill-RBF3.0 and Kane) showed excellent prediction
accuracy. No significant difference was observed in the prediction accuracy between the Hill-RBF3.0
and Kane formulas.

Keywords: cataract; intraocular lens; artificial intelligence

1. Introduction

The primary purpose of cataract surgery is visual rehabilitation; however, refractive
correction is also an important aspect of the surgery to achieve better vision and quality
of life postoperatively. With modern surgical techniques, patients’ expectations for better
vision postoperatively are increasing day by day. Accurately predicting the postoperative
refraction in myopic eyes is challenging [1,2]. The prevalence of myopia is growing,
especially in Asia [3–5]. While many methods are being used to overcome this issue [6–11],
the challenge still remains.

The recent advances in artificial intelligence (AI) are outstanding and the application
of AI in clinical medicine is a current hot topic. AI is used not only for classification or
anomaly detection, but also for regression. The Hill-RBF refractive formula uses pattern
recognition and data interpolation to predict postoperative refraction [12,13], whereas
the Kane formula is based on theoretical optics and also incorporates regression and AI
components to further refine its predictions [14]. Several studies have reported good
refractive outcomes obtained with these formulas [15–17].

The Hill-RBF formula has been updated recently to version 3.0, which was reported to
show better prediction accuracy than the previous version in a recent study; however, that
study did not focus on myopic eyes (axial length [AL], 24.10 ± 1.47 mm) [13] and, to our
knowledge, no other study has investigated the accuracy of the new version of the formula
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in myopic eyes. Therefore, we investigated the prediction accuracy of the recently updated
intraocular lens (IOL) power formulas with AI for high myopia.

2. Materials and Methods

2.1. Study Institutions and Institutional Review Board Approval

The Research Ethics Committee of the Graduate School of Medicine and the Faculty of
Medicine at Keio University approved this retrospective, observational study. All patients
provided written consent for the surgeries. Patient consent to participate in this study
was waived, and an opt-out approach was used according to the Ethical Guidelines for
Medical and Health Research Involving Human Subjects presented by the Ministry of
Education, Culture, Sports, Science, and Technology in Japan. The patients and public were
not involved in the design, conduct, reporting, or dissemination plans of our research. This
study was performed according to the tenets of the Declaration of Helsinki.

2.2. Participants

The study participants were retrospectively recruited at the institution. Cases of
uncomplicated cataract surgery for highly myopic eyes (AL > 26.0 mm) with at least 1-
month postoperative follow-up were included. Eyes with a vision-affecting ocular disease
other than cataract or that had undergone past refractive surgeries were excluded. When
both eyes of a patient met the criteria, we randomly selected one eye for inclusion. Seventy
eyes of seventy patients were included in the final analysis. One surgeon (NK) performed
all surgeries. Phacoemulsification and intraocular lens (IOL) implantation were performed
through a 2.4 mm sutureless corneal incision. The implanted IOL was the TECNIS®

Monofocal (clear ZCB00) in 28 eyes or the yellow-tinted lens (ZCB00V) in 42 eyes (both
from Johnson & Johnson, Santa Ana, CA, USA).

2.3. IOL Power Calculation

All patients underwent biometric measurements using the IOLMaster® 700 (Carl Zeiss
Meditec AG, Jena, Germany) preoperatively. Using the parameters, the postoperative
refraction was predicted using five formulas: Hill-RBF3.0, Kane, Barrett Universal II (BUII),
Haigis, and SRK/T. The Hill-RBF Calculator is an advanced, self-validating method for
IOL power selection employing pattern recognition and a sophisticated form of data
interpolation that can be used with other biconvex IOL models in the power range of
+6.00 to +30.00 D and other meniscus IOL designs from −5.00 to +5.00 D [12,13]. The
Kane formula is based on theoretical optics and incorporates both regression and artificial
intelligence components to further refine its predictions [14]. BUII is a Gaussian-based
formula for thick lenses using paraxial ray tracing, which takes into account changes in
the principal plane that occur with various IOL powers, but the details are not disclosed.
Hiagis and SRK/T are theoretical formulas for predicting effective lens position based
on the multiple regression of the A constant, anterior chamber depth, and axial length in
Haigis and the corneal curvature radius and axial length in SRK/T, respectively. The Wang
Koch (WK) axial length adjustment was applied for these two formulas. [2,11,18,19]. The
lens constants were set as 119.30 for the Hill-RBF3, BUII, and SRK/T formulas; 119.36 for
the Kane formula; and −1.302 (A0), 0.210 (A1), and 0.251 (A2) for the Haigis formula.

2.4. Statistical Analysis

The best-corrected visual acuity (BCVA) measurements were performed 1 month post-
operatively. First, the prediction error was calculated by subtracting the predicted value
with the implanted IOL from the postoperative subjective spherical equivalent. The abso-
lute error was then calculated as the absolute value of the prediction error. The percentages
of eyes with a prediction error of ±0.25, ±0.50, and ±1.00 D were also calculated for each
formula. The prediction and absolute errors were compared among the formulas using
the Friedman test, followed by post hoc analysis using the pairwise Wilcoxon signed-rank
test with Bonferroni correction. The percentages were compared using Cochran’s Q test,
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followed by post hoc analysis using the McNemar test with Bonferroni correction. Subanal-
yses were also performed in each of the following subgroups: eyes with an AL > 28.0 mm
and eyes with an AL < 28.0 mm. Statistical significance was p < 0.05. All analyses were
performed using R software v.4.0.4 (The R Foundation for Statistical Computing, Vienna,
Austria).

3. Results

The demographic data of the 70 study eyes are summarized in Table 1.
The mean ± standard deviation (SD) age at the time of surgery was 64.0 ± 9.0 years.
The mean ± SD AL preoperatively was 27.8 ± 1.3 mm. Forty-five eyes had an AL < 28.0
mm and twenty-five eyes had an AL > 28.0 mm.

Table 1. Demographics of the study subjects.

Variables Values

Number of eyes 70 eyes of 70 patients
Right/left 33/37

Male/female 38/32
Age at the surgery (years) 64.0 ± 9.0

Best corrected visual acuity (logMAR) 0.14 ± 0.26
Spherical equivalent (D) −9.73 ± 4.40

Target refraction (D) −1.79 ± 1.15
Axial length (mm) 27.84 ± 1.34
Keratometry (D) 54.3 ± 24.9

Anterior chamber depth (mm) 3.45 ± 0.35
Lens thickness (mm) 4.45 ± 0.37

Central corneal thickness (μm) 556 ± 38
logMAR = logarithm of the minimum angle of resolution; D = diopters.

Figure 1A shows the prediction error with each formula. The values with the Hill-
RBF3.0 and Kane formulas were statistically different from the BUII, Haigis, and SRK/T
formulas, whereas there was not a statistically significant difference between those with
the Hill-RBF3.0 and Kane formula (Tables 2 and S1).

Figure 1. Prediction error (A), absolute error (B) and stacked bar chart (C) of prediction accuracy
with each formula. BUII = Barrett Universal II; D = diopters. Wang Koch adjustment was applied for
the Haigis and SRK/T formulas.
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Table 2. Prediction accuracy with each formula.

Hill-RBF3.0 Kane BUII Haigis SRK/T p-Value

Prediction error (D) Mean ± SD 0.17 ± 0.52 0.19 ± 0.51 0.36 ± 0.51 −0.38 ± 0.52 −0.18 ± 0.58 <0.001 *Median 0.18 0.2 0.38 †,‡ −0.34 †,‡,§ −0.16 †,‡,§,‖

Absolute error (D) Mean ± SD 0.42 ± 0.34 0.42 ± 0.34 0.51 ± 0.35 0.52 ± 0.38 0.46 ± 0.38 <0.001 *Median 0.31 0.36 0.42 †‡ 0.42 0.34

Percentage (%)
Within ±0.25 D 47.1 38.6 24.3 † 27.1 40.0 0.015 *
Within ±0.50 D 65.7 71.4 52.9 57.1 62.9 0.068
Within ±1.00 D 95.7 92.9 92.9 88.6 90.0 0.28

* Significant difference among the formulas, calculated using Friedman test for the values and Cochran’s Q test
for the percentages. †,‡,§,‖ Significant difference from Hill-RBF 3.0, Kane, BUII, and Haigis in post hoc analysis,
respectively, calculated using pairwise Wilcoxon signed-rank test for the values and the McNemar test for the
percentages with Bonferroni correction. BUII = Barrett Universal II; SD = standard deviation; D = diopters. Wang
Koch adjustment was applied for the Haigis and SRK/T formulas.

Figure 1B shows the absolute error with each formula. The values with the Hill-RBF3.0
and Kane formula were smaller than that with the BUII formula, whereas there was not a
statistically significant difference between the other formulas (Tables 2 and S1).

Figure 1C shows the stacked bar chart of the prediction accuracy with each formula.
The percentage within ±0.25 D of the Hill-RBF3.0 formula was larger than that of the BUII
(Tables 2 and S1).

Figure 2 shows the results of eyes with an AL > 28.0 mm. The prediction errors were
significantly different from each other (Figure 2A, Tables 3 and S2). The absolute errors
with the Hill-RBF3.0 and SRK/T were smaller than that with the Haigis formula (Figure 2B,
Tables 3 and S2). The percentage within ±0.25 D with the Hill-RBF3.0 formula was larger
than those with the Haigis formula (Figure 2C, Tables 3 and S2).

Figure 2. Prediction error (A), absolute error (B) and stacked bar chart (C) of prediction accuracy
with each formula in eyes with axial length > 28.0 mm. BUII = Barrett Universal II; D = diopters.
Wang Koch adjustment was applied for the Haigis and SRK/T formulas.

Table 3. Prediction accuracy with each formula in eyes with axial length > 28.0 mm.

Hill-RBF3.0 Kane BUII Haigis SRK/T p-Value

Prediction error (D) Mean ± SD 0.02 ± 0.48 0.10 ± 0.49 0.26 ± 0.50 −0.50 ± 0.50 −0.34 ± 0.49 <0.001 *Median −0.04 0.14 † 0.32 †,‡ −0.43 †,‡,§ −0.34 †,‡,§,‖

Absolute error (D) Mean ± SD 0.33 ± 0.34 0.36 ± 0.34 0.43 ± 0.36 0.6 ± 0.36 0.48 ± 0.35 0.0015 *Median 0.20 0.30 0.42 0.50 † 0.37 ‖

Percentage (%)
Within ± 0.25 D 62.1 44.8 34.5 13.8 † 37.9 0.0029 *
Within ± 0.50 D 75.9 86.2 65.5 51.7 62.1 0.012 *
Within ± 1.00 D 96.6 96.6 93.1 82.8 93.1 0.044 *

* Significant difference between the formulas, calculated using Friedman test for the values and Cochran’s Q test
for the percentages. †,‡,§,‖ Significant difference from Hill-RBF 3.0, Kane, BUII, and Haigis in post hoc analysis,
respectively, calculated using pairwise Wilcoxon signed-rank test for the values and the McNemar test for the
percentages with Bonferroni correction. BUII = Barrett Universal II; SD = standard deviation; D = diopters. Wang
Koch adjustment was applied for the Haigis and SRK/T formulas.
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Figure 3 shows a similar analysis in the subgroup of eyes with an AL < 28.0 mm.
The median prediction errors with the Hill-RBF3.0 and Kane formulas were significantly
different from those with other formulas, whereas there was not a statistically significant dif-
ference between those with the Hill-RBF3.0 and Kane formulas (Figure 3A, Tables 4 and S3).
The absolute errors with the Hill-RBF3.0 and Kane formulas were smaller than that with
the BUII formula (Figure 3B, Tables 4 and S3). The differences in the percentages among
the formulas were not significantly different from each other (Figure 3C, Tables 4 and S3).

Figure 3. Prediction error (A), absolute error (B) and stacked bar chart (C) of prediction accuracy
with each formula in eyes with axial length < 28.0 mm. BUII = Barrett Universal II; D = diopters.
Wang Koch adjustment was applied for the Haigis and SRK/T formulas.

Table 4. Prediction accuracy with each formula in eyes with axial length < 28.0 mm.

Hill-RBF3.0 Kane BUII Haigis SRK/T p-Value

Prediction error (D) Mean ± SD 0.27 ± 0.53 0.25 ± 0.52 0.42 ± 0.50 −0.3 ± 0.52 −0.06 ± 0.61 <0.001 *Median 0.26 0.31 0.41 †,‡ −0.3 †,‡,§ 0.01 †,‡,§,‖

Absolute error (D) Mean ± SD 0.49 ± 0.33 0.46 ± 0.34 0.57 ± 0.33 0.46 ± 0.38 0.45 ± 0.40 0.0017 *Median 0.42 0.43 0.56 †,‡ 0.38 0.31

Percentage (%)
Within ±0.25 D 36.6 34.1 17.1 36.6 41.5 0.12
Within ±0.50 D 58.5 61.0 43.9 61.0 63.4 0.22
Within ±1.00 D 95.1 90.2 92.7 92.7 87.8 0.60

* Significant difference between the formulas, calculated using Friedman test for the values and Cochran’s Q test
for the percentages. †,‡,§,‖ Significant difference from Hill-RBF 3.0, Kane, BUII, and Haigis in post hoc analysis,
respectively, calculated using pairwise Wilcoxon signed-rank test for the values and the McNemar test for the
percentages with Bonferroni correction. BUII = Barrett Universal II; SD = standard deviation; D = diopters. Wang
Koch adjustment was applied for the Haigis and SRK/T formulas.

4. Discussion

In the current study, the accuracy of the new formulas for IOL power calculations
in highly myopic eyes (AL > 26.0 mm) was investigated in 70 uncomplicated cataract
surgery cases. Overall, the prediction accuracy using AI (Hill-RBF3.0 and Kane) showed
excellent prediction accuracy. Furthermore, this tendency was more obvious in eyes with an
AL > 28.0 mm. No significant difference was observed in the prediction accuracy between
the Hill-RBF3.0 and Kane formulas.

Theoretical formulas have been used for many years with continuous improvements.
However, theoretical formulas are limited due to the measurement error of the AL or
predicted postoperative anterior chamber depth (ACD), especially for eyes with long and
short ALs outside the normal range. Recently, WK adjustment has been applied to myopic
eyes [20]. The adjustment has been reported to reduce the amount of unexpected hyperopic
surprise [2]. In the current study, SRK/T with WK adjustment showed excellent prediction
accuracy, comparable to the new generation formulas.

Another possible approach to overcome this issue is by using AI, and the Hill-RBF
and Kane formulas are representative of this approach. In the current study, these two
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formulas showed excellent prediction accuracy. Furthermore, this tendency was more
obvious in long eyes with an AL > 28.0 mm. The Hill-RBF Calculator is a method for
IOL power selection using pattern recognition and data interpolation. As more data are
accumulated in the dataset, it is expected that the accuracy of this method will be further
improved, and it will be able to calculate the powers for irregular cases. In fact, several
negative studies have reported on the previous version of the Hill-RBF formula compared
to the BUII formula [21,22]. However, in the current study, excellent prediction accuracy
was observed with the updated formula. Even though there was no significant difference,
only the Hill-RBF3.0 formula achieved prediction accuracy within ±0.25 D in more than
half the cases in elongated eyes with an AL > 28.0 mm (Table 3). The biometric data used
with the former version was AL, keratometry, and ACD, to which the central corneal
thickness, lens thickness, white-to-white measurement and the sex of the patients could be
added, although these were optional. These additional data were not used in the current
study; however, the improved dataset with more parameters should improve the prediction
accuracy of the model.

The current study has several limitations. We included a relatively small number of
eyes. Although applying lens constant optimization was recommended [23], we did not do
so in this study, since it was feasible only for four open-source formulas, i.e., the Haigis,
Holladay 1, Hoffer Q, and SRK/T.

In conclusion, the prediction accuracy using AI (Hill-RBF3.0 and Kane) showed excel-
lent prediction accuracy. No obvious difference was observed in the prediction accuracy
between the Hill-RBF3.0 and Kane formulas.

5. Conclusions

This section is not mandatory but can be added to the manuscript if the discussion is
unusually long or complex.
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Abstract: Purpose: To evaluate postoperative outcomes, spectacle dependance and the occurrence of
the photic phenomena in patients after cataract surgery following the implantation of a non-diffractive
extended depth of focus (EDOF) intraocular lens was compared to monofocal and multifocal lenses.
Methods: We enrolled patients with bilateral cataracts who wanted to reduce their dependence
on glasses in the study. They were followed for 6 months. The study group in which the EDOF
lens was implanted consisted of 70 eyes in 35 patients. The control groups consisted of: 52 eyes in
26 patients in whom a multifocal was implanted and 52 eyes in 26 patients with implanted monofocal
lens. After a total of 2 weeks, 2 months and 6 months post-surgery the following were evaluated:
uncorrected and corrected visual acuity at 4 m, 80 cm, 40 cm, manifest refraction expressed as mean
refractive spherical equivalent (MRSE), contrast sensitivity, intraocular pressure. A questionnaire on
independence from ocular correction, the occurrence of photic phenomena, and patient satisfaction
was also completed. Results: Monocular and binocular visual acuity and MRSE 6 months after the
procedure were compared between three groups. All of the main analyses, except for comparisons of
uncorrected distance visual acuity (both monocular and binocular) level, were significant. Contrast
sensitivity was lower among patients with multifocal lens than among patients with EDOF lens.
Halo and glare after 6 months were seen more often among patients with multifocal lens than among
patients with the other lens (65% of eyes with multifocal lens vs. 6% of eyes with EDOF lens and 0%
of eyes with monofocal lens). Glasses were needed by 35% of patients with EDOF lens, and by 96%
of patients with monofocal lens and in none of the patients with multifocal lens. Conclusions: Most
patients qualify for the implantation of a non-diffractive EDOF lens. Post-operative visual acuity
improves at any distance. The best monocular visual acuity for intermediate distances is provided
by an EDOF lens, and for near distance by a multifocal lens. The EDOF lens definitely increases
independence from spectacle correction compared to monofocal lenses; however, the greatest degree
of independence from spectacles is provided by multifocal lenses. The incidence of photic phenomena
is slightly higher than that of a monofocal lens, and much lower for a multifocal lens.

Keywords: cataract surgery; EDOF; intraocular lens; presbyopia; multifocal lens; photic phenomena

1. Introduction

Cataract surgery is one of the most frequently performed procedures around the
world. Intraocular lenses (IOLs) have developed significantly in recent years. IOLs are
used in cataract surgery to replace a cloudy lens and in refractive lens exchange (RLE).
The most common implanted lenses are monofocal lenses, which provide good acuity to
one type of vision correction, mainly for a far distance. In addition to monofocal lenses,
premium lenses, which have a more advanced structure and different optical properties
are available. These lenses correct presbyopia, i.e., insufficient accommodation that occurs
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physiologically after the age of 40. Premium lenses include multifocal intraocular lenses
(MIOLs), extended depth of focus lenses (EDOF) and accommodative lenses. These lenses
improve visual acuity after cataract surgery and allow for full or partial independence from
spectacle correction. Both the extension of life expectancy, lifestyle changes and greater
professional activity of the elderly contribute to the willingness to become independent
from eyeglass correction not only in the distance, but also in the near and intermediate
distance [1].

MIOLs allow for the greatest degree of independence from eyeglass correction, but
they have a lower contrast sensitivity and a higher rate of photic phenomena, such as
halo and glare. The eligibility criteria for implantation in this group of lenses are the most
stringent, and the eyes should be free of any pathology so that patients can achieve the best
possible postoperative results [2].

EDOF lenses can be positioned between monofocal and multifocal lenses. They
provide good uncorrected distance and intermediate visual acuity; however, visual acuity
without near correction may be insufficient. They work by creating a single, elongated focus
to increase the depth of field. The elongated focus is designed to eliminate the close-up
and distance overlap that occurs with multifocal lenses, thus eliminating the halo effect. In
addition, EDOF lenses provide a continuous focus range, without the power distribution
being unevenly divided, and thus avoiding secondary out-of-focus images [3,4]. Compared
to multifocal lenses, they do not lower contrast sensitivity and cause less dysphotopsia [5].

There are different methods of creating these lenses. One of them is the use of spherical
aberration, however, it differs from patient to patient in the population and is influenced
by pupil width [6,7]. Another way is to use diffraction optics to obtain the EDOF effect.
However, this can lead to the development of a dysfunction similar to those seen after
multifocal lens implantation, and uncorrected near vision acuity may not be satisfactory [8].
Another method may be the use of a circular mask, as with the IC-8 lens, a small-aperture
EDOF lens. However, this can reduce the amount of light entering through the diaphragm
and is typically used in the non-dominant eye [9].

An increasing number of patients presenting for cataract surgery want to be indepen-
dent from eyeglass correction, and at the same time are afraid of the photic phenomena
after the procedure. There has been a growing number of patients after refractive surgery
in the past who would like to regain independence from eyeglass correction and do not
qualify for multifocal lens implantation. The same applies to patients with ocular diseases
who would like to choose premium lenses. For these patients, EDOF lenses provide a
chance to improve uncorrected acuity at all distances. Due to the fact that the EDOF Vivity
lens (Alcon Laboratories, Inc., Fort Worth, TX, USA) has a unique, non-diffractive optical
part; it allows patients to see well from near to distance. It is based on the non-diffractive
X-wave technology, which modifies the wave front and creates one elongated focus without
splitting the light. Thanks to these properties, the lens reduces the risk of dysphotopsia
and does not worsen the contrast sensitivity. In the construction of the lens, two zones
can be distinguished: the transition zone 1 is responsible for stretching the wave front
and creating a continuous elongated focus, while the transition zone 2 is responsible for
shifting the wave front from hyperopia to short-sighted in order to use all the light energy.
It has 1.5 D defocusing and negative asphericity of the anterior surface (−0.2 μm) [10–12].
Moreover, the extended depth of focus, such as that seen in the Vivity lens, can “forgive”
the imperfection of IOL power selection caused by the difficulty in calculating IOL power
(especially in patients who have undergone refractive surgery in the past) [10].

To date, few articles have been published on postoperative outcomes in patients with
non-diffractive EDOF lens implantation, including one in patients with ocular pathologies.
This paper additionally includes patients with a history of refractive surgery, who will be
increasingly more numerous in the future and would like to choose a premium lens. To
the best of our knowledge, there are currently no publications on the comparison of the
Vivity lens with monofocal and multifocal lenses. This work may provide some insight
into lens selection, especially for patients with ocular pathologies and after refractive
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surgery who are ineligible for MIOLs or are worried about their side effects. The aim of the
article is to evaluate the postoperative results, spectacle dependence, the occurrence of the
photic phenomena in patients after cataract surgery using a non-diffractive EDOF–Vivity
intraocular lens compared to multifocal and monofocal intraocular lenses.

2. Patients and Methods

2.1. Study Design

This single-center, prospective, comparative study was conducted at the Ophthal-
mology Department of the Hospital in Zgorzelec in line with the Helsinki Declaration
and approved by the Bioethics Committee at the Medical University of Wroclaw. Written
consent was obtained from all patients.

2.2. Study Population

The study group in which the Vivity lens was implanted (DFT015 or the toric version
of the lens-called the EDOF group) consisted of 70 eyes in 35 patients. The control groups
consisted of 52 eyes in 26 patients in whom a Panoptix multifocal lens (TNTFOO or the
toric version of the lens-called the MULTI group) was implanted and 52 eyes in 26 patients
with implanted monofocal lens (SA60WF or the toric version SN6AT3-7-called the MONO
group). All lenses implanted in the patients involved in our study are single-piece, aspheric,
are constructed of the same material-hydrophobic, and are based on the same platform-
Acrysof (Alcon Laboratories, Inc., Fort Worth, TX, USA) [10,11,13–15]. The EDOF and
multifocal lens were donated by the Alcon Company for the purpose of this study.

The study included patients aged 35–75 diagnosed with bilateral cataracts in whom
the removal of the cataract was planned by phacoemulsification.

Exclusion criteria included: patients under the age of 35, over the age of 75, pregnant,
after a corneal transplant, with a history of past eye injuries, diseases of the anterior and
posterior segment of the eye that may have significantly reduced the quality of vision
after surgery, such as: advanced glaucomatous neuropathy, advanced diabetic retinopathy,
amblyopia, corneal scarring and dystrophy, exudative age-related macular degeneration
(AMD), post-posterior vitrectomy condition or elective surgery, and clinically significant
severe dry eye syndrome. Patients after cerebral events that could have affected visual
acuity were also excluded from the study.

2.3. Preoperative Assessment

The pre-operative examination consisted of: anterior and posterior segment exami-
nation in a slit lamp, intraocular pressure examination, refraction examination (NIDEK
ARK-510A-Nidek Co. Ltd., Gammagori, Aichi, Japan), monocular visual acuity exam-
ination in logarithm of the minimum angle of resolution (logMAR) scale: uncorrected
distance visual acuity (UCDVA) at 4 m, best corrected distance visual acuity (BCDVA),
uncorrected intermediate visual acuity (UCIVA) at 80 cm, best corrected intermediate visual
acuity (BCIVA), uncorrected near visual acuity (UCNVA) with 40 cm, best corrected near
visual acuity (BCNVA), monocular contrast sensitivity at 40 cm (Pelli-Robson test, GIMA
charts, Gessate, Italy), biometry using an Argos SS-OCT optical biometer (Movu, Inc.,
Kamaki, Japan) and IOL Master 500 (Carl Zeiss Meditec AG, Jena, Germany), Oculazer ™
WaveLight® II corneal tomography and topography (Alcon Laboratories, Inc., Fort Worth,
TX, USA), posterior segment optical coherence tomography (OCT) (OCT III, Carl Zeiss
Meditec AG, Jena, Germany). A standardized ETDRS chart at 4 m, 80 cm, and 40 cm was
used to measure visual acuity (VA).

In the study, the refractive result was written as a spherical equivalent, defined as the
sum of the spherical power and half of the cylindrical power [16]. The results obtained
were classified as myopia, emmetropia or hyperopia. For myopia there was a spherical
equivalent less than −0.5 D, for emmetropia-a spherical equivalent in the range of −0.5 and
+0.5 D, and in the case of hyperopia, a spherical equivalent greater than +0.5 D. This division
was adopted in accordance with other large cross-sectional and dynamic studies [16–18].
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2.4. Postoperative Assessment

Controls were performed 2 weeks, 2 months (6–8 weeks) and 6 months after cataract
surgery. Controls included: anterior and posterior segment examination in a slit lamp, an
intraocular pressure test, manifest refraction expressed as mean refractive spherical equiv-
alent (MRSE), monocular visual acuity test in the logMAR scale: UCDVA, BCDVA, UCIVA,
BCIVA, UCNVA, BCNVA, monocular contrast sensitivity and the postoperative questionnaire.

Six months after the second eye surgery, binocular visual acuity was assessed: UCDVA,
UCIVA, UCNVA.

Measurements were performed under photopic conditions (250–300 lumens/mm2)
in all cases. The preoperative and postoperative examinations were carried out by the
same person.

2.5. Subjective Visual Quality Questionnaire

Patients were asked “yes/no” questions regarding independence from glasses, the
occurrence of postoperative dysphotopsia such as halo, glare, starburst, was assesed on a
scale from 1 to 5 in increments of 1 (1-slight, 5-very high). In addition, patients were asked
to rate their satisfaction with the procedure (scale from 1 to 5).

2.6. Surgical Technique

All cataract surgery with implantation of an appropriate intraocular lens was per-
formed by the same surgeon (H.P.). All the procedures were uneventful. They were
performed under drip (Alcaine) and intraocular (Mydriane) anesthesia. The lenses were
implanted through a 2.2 mm corneal incision into the lens bag. At the end of the procedure,
in accordance with European standards, cefuroxime solution was administered into the
anterior chamber.

Implant power for the Vivity lens was calculated on an Argos optical biometer using
Barret’s formula, setting postoperative results to either emmetropia (18 patients, 36 eyes)
or minimonovision (17 patients, non-dominant eye set to target ~ −0.75D). Eye domi-
nance was determined by taking the Mile’s test. For Panoptix lenses, the Argos biometer
and Barret’s formula were used, setting postoperative results to emmetropia. Implant
power of monofocal lenses was calculated using an IOL Master 500 or Argos biometer,
using the SRK/T formula or the Barret formula by setting the target to emmetropia. With
axial length <22 mm, the Haigis formula was used. In the case of patients after previ-
ous radial keratotomy, measurements were made on an Argos biometer using the Barret
true K formula.

2.7. Statistical Analysis

All analyses were performed in statistical environment R, version 4.1.3. Quantitative
variables were compared between groups with the Kruskal-Wallis test or with ANOVA
analysis and between measurements—with the Friedman’s test (for more than two mea-
surements) or Wilcoxon’s test for dependent samples (for two measurements). These tests
were chosen because all variables’ distributions significantly differed from the normal
distribution (checked with Shapiro-Wilk’s test). Median differences with 95% confidence
intervals were given when comparing two measurements. Dependencies for qualitative
variables were analyzed with the chi-square test or the Fisher’s exact test. Significance level
in the analysis equalled α = 0.05.

3. Results

Pre- and postoperative data of 174 eyes (87 patients) were included in the analysis. A
total of 35 patients (70 eyes) received the Vivity IOL (19 toric and 51 non-toric), 26 patients
(52 eyes) underwent the implantation of monofocal (12 toric and 40 non-toric) lens, and
26 patients (52 eyes) the PanOptix lens (10 toric and 42 non-toric).
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3.1. Demographics and Preoperative Data

Detailed demographic characteristics, biometry values, mean preoperative refractive
errors and visual acuity (VA), contrast sensitivity, and intraocular pressure from the three
groups are presented in Table 1.

Table 1. Demographics and preoperative characteristics (refractive and monocular VA (logMAR)
data, ocular pathologies) of the three groups.

Variables

EDOF
n = 70 Eyes

n = 35 Subjects

MONO
n = 52 Eyes

n = 26 Subjects

MULTI
n = 52

n = 26 Subjects
p p1 p2 p3

Me (Q1; Q3) or M ± SD/n (%)

Sex (female) 23 (65.7) 15 (57.7) 19 (73.1) 0.506 - - -

Age 57.74 ± 9.37 60.69 ± 10.65 59.46 ± 8.41 0.439 2 - - -

Refractive error

Myopia 31 (44.3) 27 (51.9) 12 (23.1)
0.012 1 - - -Emmetropia 5 (7.1) 2 (3.8) 9 (17.3)

Hyperopia 34 (48.6) 23 (44.2) 31 (59.6)

Axial lenght (mm)

Short < 22 8 (11.4) 4 (7.7) 1 (1.9)
0.070 1 - - -Medium 22–26 57 (81.4) 48 (92.3) 49 (94.2)

Long > 26 5 (7.1) 0 (0.0) 2 (3.8)

Toric IOL 19 (27.1) 12 (23.1) 10 (19.2) 0.606 - - -

MRSE (D) 0.50
(−2.50; 1.75)

−1.00
(−2.50; 2.31) 1.12 (−0.25; 2.00) 0.329 - - -

UCDVA 0.70 (0.30; 1.00) 0.70 (0.40; 0.77) 0.40 (0.29; 0.70) 0.017 0.624 0.015 0.010

BCDVA 0.25 (0.20; 0.30) 0.25 (0.25; 0.32) 0.25 (0.25; 0.25) 0.004 0.005 0.735 0.002

UCIVA 0.75 (0.43; 0.93) 0.60 (0.40; 0.90) 0.70 (0.48; 0.94) 0.236 - - -

BCIVA 0.20 (0.10; 0.40) 0.30 (0.10; 0.40) 0.20 (0.10; 0.30) 0.229 - - -

UCNVA 0.80 (0.70; 1.15) 0.70 (0.50; 0.86) 0.80 (0.60; 1.02) 0.054 - - -

BCNVA 0.30 (0.10; 0.50) 0.40 (0.20; 0.40) 0.20 (0.18; 0.32) 0.014 0.131 0.297 0.001

Contrast sensivity 1.80 (1.70; 1.90) 1.70 (1.58; 1.80) 1.80 (1.70; 1.83) 0.051 - - -

IOP (mmHg) 17.30
(16.25; 17.30)

17.30
(14.60; 17.30)

17.30
(14.60; 17.30) 0.270 - - -

ACD (mm) 3.15 (2.94; 3.52) 3.03 (2.80; 3.23) 3.17 (2.89; 3.36) 0.012 0.003 0.193 0.113

IOL power (D) 22.25
(19.50; 24.00)

23.00
(21.12; 23.62)

23.00
(21.00; 24.50) 0.553 - - -

Ocular pathology

Glaucoma 4 (11.4) 8 (30.8) 2 (7.7) 0.0681 - - -

AMD 4 (11.4) 4 (15.4) 1 (3.8) 0.3751 - - -

Retinopathy 4 (11.4) 4 (15.4) 0 (0.0) 0.1171 - - -

Refractive surgery 4 (11.4) 0 (0.0) 0 (0.0) 0.0371 - - -
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Table 1. Cont.

Variables

EDOF
n = 70 Eyes

n = 35 Subjects

MONO
n = 52 Eyes

n = 26 Subjects

MULTI
n = 52

n = 26 Subjects
p p1 p2 p3

Me (Q1; Q3) or M ± SD/n (%)

PEX 2 (5.7) 2 (7.7) 4 (15.4) 0.5261 - - -

Drug-induced
cataract 8 (22.9) 4 (15.4) 0 (0.0) 0.0251 - - -

Qualitative variables were described as n (%) and quantitative variables—as median with quartile 1 and 3 or mean
with standard deviations. Dependencies between groups and qualitative variables were made using chi-square test
or Fisher’s exact test 1. Comparisons of quantitative variables’ level were made with Kruskal-Wallis test or with
ANOVA 2 analysis. p—p value for main analyses; p value for post-hoc analyses: p1—EDOF vs. MONO p2—EDOF
vs. MULTI, p3—MONO vs. MULTI. Abbreviations: mm—milimiters, IOL—intraocular lens, AMD—age-related
macular degeneration, PEX—pseudoexfoliation syndrome, MRSE—mean refraction spherical equivalent, D-
diopters, mmHg—millimetres of mercury, UCDVA—uncorrected distance visual acuity at 4 m, BCDVA—best
corrected distance visual acuity, UCIVA—uncorrected intermediate visual acuity at 80 cm, BCIVA—best corrected
intermediate visual acuity, UCNVA—uncorrected near visual acuity at 40 cm, BCNVA—best corrected near
visual acuity.

Among the MULTI group there was a smaller proportion of eyes with myopia than in
the other groups (23% vs. 44% for EDOF and 52% for MONO) and a higher proportion of
eyes with emmetropia (17% vs. 7% for EDOF and 4% for MONO) or with hyperopia (60%
vs. 49% for EDOF and 44% for MONO), p = 0.012. The analysis comparing quantitative
variables was significant for: UCDVA (p = 0.017), BCDVA (p = 0.004), BCNVA (p = 0.014)
and ACD (p = 0.012). Post-hoc analyses showed that patients from the MULTI group had a
lower level of UCDVA variable than EDOF and MONO groups and lower level of BCNVA
than the MONO group. Patients from the MONO group were characterized by a higher
level of BCDVA than two remaining groups and by a lower level of ACD than patients
from EDOF group (p < 0.050 for all post-hoc analyses), Table 1.

3.2. Refractive and Visual Outcomes

Monocular and binocular visual acuity and MRSE 6 months after the procedure were
compared between EDOF, MONO and MULTI groups. All main analyses, except for
comparisons of UCDVA (both monocular and binocular) level, were significant (p < 0.050).
Post-hoc analyses showed that the level of: MRSE, BCDVA and BCIVA was higher among
MULTI group than among EDOF group (p < 0.010 for all post-hoc analyses). Contrast
sensitivity was lower among MULTI group than among EDOF group. The level of UCIVA
(both monocular and binocular visual acuity) was higher in the MONO group than in the
EDOF and MULTI groups (p < 0.001 for all post-hoc analyses) and higher in the MULTI
group than in the EDOF group (p < 0.050 for both post-hoc analyses). The level of UCNVA
(both monocular and binocular visual acuity) was higher in the MONO group than in the
EDOF and MULTI groups (p < 0.001 for all post-hoc analyses) and higher in the EDOF
group than in the MULTI group (p < 0.001 for both post-hoc analyses). The level of BCNVA
was higher among MULTI group than among MONO group (p = 0.007), Table 2.

Table 2. Comparison of postoperative data (6 months after cataract surgery) between three groups.

Variables
EDOF MONO MULTI

p p1 p2 p3

Me (Min–Max)

MRSE (D) −0.25 (−1.25;
0.50) 0.00 (−1.00; 0.75) 0.25 (−0.50; 0.75) <0.001 0.053 <0.001 0.221

Monocular visual acuity (logMAR)

UCDVA 0.00 (−0.20; 0.20) 0.00 (−0.10; 0.40) 0.00 (−0.15; 0.20) 0.433 - - -
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Table 2. Cont.

Variables
EDOF MONO MULTI

p p1 p2 p3

Me (Min–Max)

BCDVA 0.00 (−0.20; 0.00) 0.00 (−0.20; 0.00) 0.00 (−0.15; 0.00) 0.008 0.335 0.009 0.233

UCIVA 0.00 (−0.10; 0.30) 0.30 (−0.10; 0.60) 0.10 (−0.20; 0.30) <0.001 <0.001 0.004 <0.001

BCIVA 0.00 (−0.10; 0.10) 0.00 (−0.20; 0.20) 0.00 (−0.20; 0.20) 0.008 0.590 0.004 0.331

UCNVA 0.40 (0.00; 0.60) 0.50 (0.10; 0.90) 0.10 (0.00; 0.20) <0.001 <0.001 <0.001 <0.001

BCNVA 0.00 (−0.10; 0.20) 0.00 (−0.10; 0.10) 0.00 (0.00; 0.30) 0.008 0.301 0.229 0.007

Binocular visual acuity (logMAR)

UCDVA 0.00 (−0.15; 0.10) 0.00 (−0.10; 0.14) 0.00 (−0.15; 0.10) 0.767 - - -

UCIVA 0.00 (−0.10; 0.10) 0.20 (−0.20; 0.40) 0.00 (−0.10; 0.14) <0.001 <0.001 0.015 <0.001

UCNVA 0.26 (0.00; 0.46) 0.40 (0.04; 0.70) 0.00 (0.00; 0.10) <0.001 <0.001 <0.001 <0.001

Contrast
sensitivity 2.00 (1.80; 2.00) 2.00 (1.80; 2.00) 1.90 (1.80; 2.00) <0.001 0.907 <0.001 0.063

Variables were described as median with range of scores (min–max). Comparisons of quantitative variables’ level
were made with Kruskal-Wallis test. p—p value for main analyses; p value for post-hoc analyses: p1—EDOF vs.
MONO, p2—EDOF vs. MULTI, p3—MONO vs. MULTI.

When the EDOF group is divided into two subgroups: (1) patients with target set to
emmetropia, (2) patients with minimonovision (non-dominant eye set to target ca. −0.75 D)
the results of binocular uncorrected visual acuity 6 months after surgery are as follows,
Table 3.

Table 3. Comparison of uncorrected binocular acuity at all distances between four groups (EDOF
group divided into 2 subgroups: emmetropia i minimonovision).

Variables
Emmetropia Minimonovision MONO MULTI p for Main Analyses

Me (Q1; Q3)

UCDVA 0.00 (−0.09; 0.00) 0.00 (−0.10; 0.00) 0.00 (−0.06; 0.00) 0.00 (−0.09; 0.00) 0.904

UCIVA 0.00 (0.00; 0.03) 0.00 (−0.06; 0.00) 0.20 (0.10; 0.24) 0.00 (0.00; 0.06) <0.001

UCNVA 0.30 (0.22; 0.36) 0.20 (0.10; 0.30) 0.40 (0.30; 0.50) 0.00 (0.00; 0.03) <0.001

p value for post-hoc analyses

UCIVA UCNVA

Emmetropia vs. minimonovision 0.040 0.062

Emmetropia vs. MONO <0.001 0.001

Emmetropia vs. MULTI 0.172 <0.001

Minimonovision vs. MONO <0.001 <0.001

Minimonovision vs. MULTI <0.001 <0.001

MONO vs. MULTI <0.001 <0.001

Variables were described as median with quartile 1 and 3. Comparisons of quantitative variables’ level were made
with Kruskal-Wallis test.

Refractive and Visual Outcomes in Baseline and after 6 Months in Each Group

In the EDOF group at the baseline the level of: UCDVA (MD 95% CI = 0.70 (0.63; 0.82);
p < 0.001), BCDVA (MD 95% CI = 0.25 (0.30; 0.35); p < 0.001), UCIVA (MD 95% CI = 0.75
(0.64; 0.80); p < 0.001), BCIVA (MD 95% CI = 0.20 (0.25; 0.35); p < 0.001), UCNVA (MD 95%
CI = 0.40 (0.45; 0.60); p < 0.001), BCNVA (MD 95% CI = 0.30 (0.25; 0.40); p < 0.001) and IOP
(MD 95% CI = 2.85 (1.90; 3.00); p < 0.001) was higher than after 6 months. The level of
contrast was lower at the baseline than after 6 months (MD 95% CI = −0.20 (−0.35; −0.20);
p < 0.001).
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In the MONO group almost all comparisons between baseline and after 6 months
were significant (except of the MRSE level). At the baseline the level of: UCDVA (MD
95% CI = 0.70 (0.55; 0.75); p < 0.001), BCDVA (MD 95% CI = 0.25 (0.30; 0.38); p < 0.001),
UCIVA (MD 95% CI = 0.30 (0.30; 0.50); p < 0.001), BCIVA (MD 95% CI = 0.30 (0.24; 0.33);
p < 0.001), UCNVA (MD 95% CI = 0.20 (0.13; 0.33); p < 0.001), BCNVA (MD 95% CI = 0.40
(0.30; 0.40); p < 0.001) and IOP (MD 95% CI = 2.80 (0.85; 2.45); p < 0.001) was higher than
after 6 months. The level of contrast sensivity was lower at the baseline than after 6 months
(MD 95% CI = −0.30 (−0.35; −0.25); p < 0.001).

All analyses were significant in the case of the MULTI group. At the baseline the level
of: MRSE (MD 95% CI = 0.87 (0.00; 1.37); p = 0.043), UCDVA (MD 95% CI = 0.40 (0.40; 0.57);
p < 0.001), BCDVA (MD 95% CI = 0.25 (0.25; 0.28); p < 0.001), UCIVA (MD 95% CI = 0.60
(0.60; 0.80); p < 0.001), BCIVA (MD 95% CI = 0.20 (0.15; 0.25); p < 0.001), UCNVA (MD 95%
CI = 0.70 (0.65; 0.80); p < 0.001), BCNVA (MD 95% CI = 0.20 (0.20; 0.25); p < 0.001) and IOP
(MD 95% CI = 2.90 (1.55; 2.50); p < 0.001) was higher than after 6 months. The level of
contrast sensivity was again lower at the baseline than after 6 months (MD 95% CI = −0.10
(−0.20; −0.15); p < 0.001)

3.3. Evaluation of Dysphotopsia

Halo and glare after 6 months were experienced more often among subjects form the
MULTI group than among subjects from the two other groups (65% of eyes in MULTI group
vs. 6% of eyes in the EDOF group and 0% of eyes in the MONO group; p < 0.001 for halo
and 10% of eyes in the MULTI group vs. 3% of eyes in the EDOF group and 0% of eyes in
the MONO group; p = 0.045). No other significant difference was detected between groups
and between the occurrence of photic phenomena 6 months after the procedure, Table 4.

Table 4. Comparison of occurrence of photic phenomena 6 months after the procedure between
three groups.

Variables

EDOF
n = 70 Eyes

MONO
n = 52 Eyes

MULTI
n = 52 Eyes p

n (%)

Halo 4 (5.7) 0 (0.0) 34 (65.4) <0.001 2

Halo level

1 1 (25.0) - 13 (38.2)

0.563

2 3 (75.0) - 12 (35.3)

3 0 (0.0) - 8 (23.5)

4 0 (0.0) - 1 (2.9)

5 0 (0.0) - 0 (0.0)

Glare 2 (2.9) 0 (0.0) 5 (9.6) 0.045

Glare level

1 0 (0.0) - 4 (80.0)

0.143

2 1 (50.0) - 1 (20.0)

3 1 (50.0) - 0 (0.0)

4 0 (0.0) - 0 (0.0)

5 0 (0.0) - 0 (0.0)

Starburst 4 (5.7) 2 (3.8) 8 (15.4) 0.097

Starburst level

1 1 (25.0) 0 (0.0) 2 (25.0)

0.899

2 3 (75.0) 2 (100.0) 4 (50.0)

3 0 (0.0) 0 (0.0) 2 (25.0)

4 0 (0.0) 0 (0.0) 0 (0.0)

5 0 (0.0) 0 (0.0) 0 (0.0)

Variables were described as n (%). Dependencies between groups and qualitative variables were made using
chi-square test 2 or Fisher’s exact test.
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3.4. Spectacle Dependence and Patient Satisfaction

Glasses were needed by 35% of subjects from the EDOF group, by 96% of subjects from
the MONO group and by no one from the MULTI group (this was a statistically significant
dependency—p < 0.001). Every patient from every group was satisfied (both for the right
and left the eye). Most of subjects from each group rated their satisfaction (both for right
and left eye) with a number 5 (97% for right eye and 86% for left eye in the EDOF group;
92% for right eye and 81% for left eye in the MONO group; 77% for right eye and 85%
for left eye in the MULTI group; p = 0.552 for the dependency between groups and level
of satisfaction for right eye and p > 0.999 for the dependency between groups and level
of satisfaction for left eye). Among the MULTI group, there was a greater proportion of
subjects that rated their satisfaction for the right eye with the number 4 than in two other
groups (23% vs. 3% in EDOF and 8% in MONO; p = 0.038), Table 5.

Table 5. Number of patients needing glasses and satisfaction rating broken down by groups.

Variable

EDOF
n = 35 Subjects

MONO
n = 26 Subjects

MULTI
n = 26 Subjects

p

n (%)

Glasses 14 (35.0) 25 (96.2) 0 (0.0) <0.001 2

Satisfaction (right eye) 35 (100.0) 26 (100.0) 26 (100.0) -

Satisfaction (left eye) 35 (100.0) 26 (100.0) 26 (100.0) -

Level of satisfaction (right eye)

1 0 (0.0) 0 (0.0) 0 (0.0)

0.038

2 0 (0.0) 0 (0.0) 0 (0.0)

3 0 (0.0) 0 (0.0) 0 (0.0)

4 1 (2.9) 2 (7.7) 6 (23.1)

5 34 (97.1) 24 (92.3) 20 (76.9)

Level of satisfaction (left eye)

1 0 (0.0) 0 (0.0) 0 (0.0)

0.932

2 0 (0.0) 0 (0.0) 0 (0.0)

3 0 (0.0) 0 (0.0) 0 (0.0)

4 5 (14.3) 5 (19.2) 4 (15.4)

5 30 (85.7) 21 (80.8) 22 (84.6)

Dependencies were calculated using chi-square test 2 or Fisher’s exact test.

4. Discussion

4.1. Qualification

Due to the non-diffractive structure of the lens and one elongated focus, the EDOF
lens can be implanted in patients who do not qualify for multifocal lens implantation or
are afraid of either the photic phenomena or reduced contrast sensitivity. In the case of
multifocal lenses, the eligibility criteria are the strictest, and patients should be free of
ocular diseases in order to achieve the best possible vision after surgery. As can be seen in
Table 1, the patients who were qualified for cataract surgery with a non-diffractive EDOF
lens had eyes with various ocular pathologies or past refractive surgeries, which did not
impair the prognosis for improved vision after surgery, and thus patient satisfaction after
surgery was high. The profile of patients in this case is similar to that of patients qualified
for surgery with monofocal lens implantation.

4.2. Postoperative Results

The non-diffractive EDOF lens provides good acuity of distance vision, intermediate
distance and functional near vision, confirmed by previous studies [19]. In our study,
patients who had the Vivity lens implanted achieved a significant improvement in VA at
all distances. The UCDVA at 4 m monocular is similar between the EDOF, the MONO
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group and the MULTI group. In the case of the monocular UCIVA at 80 cm, VA is better for
patients in the EDOF group than for the MONO and MULTI groups (UCIVA EDOF = 0.0,
MULTI = 0.1, MONO = 0.3, respectively). In the case of monocular UCNVA, patients in the
EDOF group achieved a worse VA than patients in the MULTI group and better than in
the MONO group, as confirmed by other published studies comparing EDOF lenses with
multifocal and monofocal lenses [15,19–21]. The worse monocular UCIVA at 80 cm for the
MULTI group compared to the EDOF group may be due to the fact that the PanOptix lens
has a focus to intermediate distance at 60 cm [15].

To the best of our knowledge, no study has been published, comparing at the same
time the Vivity lens with monofocal and multifocal to date. In a large randomized study,
Bal C. et al. compared postoperative outcomes in patients implanted with a Vivity lens
compared to an aspheric monofocal lens. They described better intermediate and near
distance vision after implantation of the Vivity lens and a similar visual impairment profile
compared to the aspheric monofocal IOL [20].

In the study by Kohnen T. et al. the postoperative outcomes after bilateral Vivity lens
implantation with target refraction set to emmetropia were assessed (32 eyes—16 patients).
Patients achieved: binocular uncorrected VA for distance, intermediate distance and
near distance, respectively, 0.01 ± 0.05 logMAR at 4 m, 0.05 ± 0.05 logMAR at 80 cm,
0.07 ± 0.06 logMAR at 66 cm and 0.25 ± 0.11 logMAR at 40 cm [22]. The results obtained
in our study, for EDOF lens implantation with target refraction set to emmetropia were
very similar (Me [Q1; Q3]): binocular UDCVA at 4 m 0.00 (−0.09; 0.00) logMAR, binocular
UCIVA at 80 cm 0.00 (0.00; 0.03) logMAR, and binocular UCNVA at 40 cm 0.30 (0.22; 0.36)
logMAR, respectively.

Arrigo A. et al. describes the authors’ own experiences in healthy eyes (108 eyes—
54 patients) after EDOF Vivity lens implantation. Very good results of distance vision
and intermediate distance were described; in the case of near vision, the need for an
addition of at least +1.0 D was indicated. Monocular UCDVA was 0.1 ± 0.04 logMAR,
monocular BCDVA was 0.0 ± 0.03 logMAR, respectively [23]. Patients in our study with
an implanted Vivity lens also needed a near vision supplement of about 1D or more and
median monocular UCDVA was 0.0 logMAR, median monocular BCDVA was 0.0 logMAR.

The use of the minimonovision system in the case of the Vivity lens improves the VA
for near vision and increases the degree of independence from ocular correction. In the
paper by Newsom T. et al. describing the results of binocular Vivity lens implantation with
target of slight myopia −0.75 D, 29 of 33 eyes achieved UCNVA binocular 0.2 logMAR or
better [24]. Very similar results were obtained in our patients wih minimovision, whose
median binocular UCNVA was 0.2 logMAR.

Rementería-Capelo LA et al. describes the postoperative results after binocular Vivity
lens implantation in patients with ocular pathology. A monocular UCDVA was achieved
in the test group of 0.03 ± 0.8 logMAR, compared to the control group with an implanted
Vivity lens without eye pathology −0.1 ± 0.07. The statistical difference between binocular
UCDVA in both groups was not described, as was the case of defocus curves and contrast
sensitivity [25]. The result of this study is similar to ours, which evaluated the visual
acuity of both healthy patients and those with ocular pathology (median of monocular and
binocular UCDVA was 0.0 logMAR). These results, although described on small groups and
with a wide range of ocular disorders, give evidence that ocular disorders do not disqualify
from Vivity lens implantation. Postoperative results in these patients are very good.

4.3. Spectacle Dependance

Therefore, EDOF lenses can be positioned between monofocal and multifocal lenses,
they provide good uncorrected visual acuity for distance and intermediate, but uncorrected
visual acuity for nearsightedness may be insufficient. In our study, glasses were needed by
35% of subjects from the EDOF group, by 96% of subjects from the MONO group and by
no one from the MULTI group (this was a statistically significant dependency—p < 0.001).
In a study by Rementería-Capelo LA et al., 40% of patients in both study groups (with and
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without ocular pathology) reported never using close-up glasses [25]. Similar results were
described by Kohnen et al. (38%) [22]. The higher degree of independence from spectacle
correction among our patients with EDOF lens implantation may be due to the different
profile of qualified patients for the procedure. In addition, our EDOF group was not a
homogeneous group and some patients had the target set to emmetropia and some had
the minimovision system applied. This was due to patient preference and their desire to
improve their near vision. In addition, each patient prefers a different reading distance,
which also contributes to the different results.

As you know, the use of a minimovision system in the cases of the Vivity lens improves
near vision acuity and increases the degree of independence from spectacle correction. New-
som T. et described a high level of satisfaction and a greater degree of independence from
ocular correction with the monovision system than without monovision with implantation
of the same lens [24].

4.4. Occurance of Photic Phenomena

In our study, a small number of patients after EDOF implantation reported photic
phenomena (14% patients). Patients who reported the occurrence of dysphotopsia described
these side effects as minor, not disrupting normal functioning, similar to the previous
reports [20,22,23]. Compared to patients in the MONO group, the incidence of dysphotopsia
is slightly more frequent, but it is definitely seen less than in patients in the MULTI group.
The study by Rementería-Capelo LA et al. described that patients reported a higher
prevalence of halos and glare than other reports on Vivity IOL, especially in the study
group, with ocular pathologies: 60% halo, 54% glare, compared to the control group, where
the incidence of halo was 28% and 48% [25]. Kohnen et al. found that 25% reported
halo and 25% glare [22]. Arrigo et al. reported that 30% and 33% of patients reported
halo and glare [23]. The differences between the studies may be due to differences in the
questionnaires used in the study and the “inquiry,” an active question about the presence
of dysphotopsia, and this has been shown to increase reporting rates [26].

A paper by Newsom T. et described that the use of a monovision system when
implanting a Vivity lens compared to target refraction set to emmetropia does not increase
the frequency of photic phenomena [24].

4.5. Contrast Sensivity

Although this was not the main aim in the study also described was the contrast
sensivity. Some patients, due to the fear of decreased of contrast sensivity after surgery,
choose not to implant multifocal lenses and select EDOF lenses. According to the man-
ufacturer, the Vivity lens has a safety profile similar to that of monofocal lenses [11,19].
In our study, contrast sensitivity in patients implanted with the Vivity lens did not differ
significantly from patients implanted with a monofocal lens and was better than that of
patients implanted with a multifocal lens. It is difficult to relate the results of this study to
others, since contrast sensitivity was tested only with nearsighted charts and only under
photopic conditions.

In our study, we encountered a few limitations. First, it was conducted at a single
center, so the number of patients in the study was limited. Secondly, each study group
included both healthy patients and patients with eye pathology and after refractive surgery.
Studies focusing on specific ocular pathologies or on patients after specific refractive
procedures, with larger numbers of patients, would be necessary to best determine which
type of IOL would provide the greatest benefit for a given group of patients. In addition,
comparing data from our study with other published studies is problematic due to different
inclusion/exclusion criteria, study conditions and procedures.

5. Conclusions

The majority of patients presenting for cataract surgery who whished to increase
independence from spectacle correction are eligible for the implantation of a non-diffractive
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EDOF lens. Postoperative visual acuity improves at any distance. In the case of the
monocular uncorrected intermediate visual acuity at 80 cm, it is better for patients with
EDOF lens than with monocofal or multifocal lens. In the case of monocular uncorrected
near visual acuity at 40 cm, patients with EDOF lens achieved worse visual acuity than
patients with multifocal lens and better than with monofocal lens. The EDOF lens definitely
increases independence from spectacle correction compared to monofocal lenses (65%
vs 4%); however, the greatest degree of independence from spectacles is provided by
multifocal lenses (100%). Only 14% patients after EDOF implantation reported photic
phenomena. Compared to patients with monofocal lens, the incidence of dysphotopsia is
slightly more frequent, but definitely it is seen less than in patients with multifocal lens.
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Abstract: The purpose of this study was to compare the accuracy of several intraocular (IOL) lens
power calculation formulas in long eyes. This was a single-site retrospective consecutive case series
that reviewed patients with axial lengths (AL) > 28.0 mm who underwent phacoemulsification. The
Wang–Koch (WK) adjustment and Cooke-modified axial length (CMAL) adjustment were applied
to Holladay 1 and SRK/T. The median absolute error (MedAE) and the percentage of eyes with
prediction errors ±0.25 diopters (D), ±0.50 D, ±0.75 D, and ±1.00 D were used to analyze the
formula’s accuracy. This study comprised a total of 35 eyes from 25 patients. The Kane formula
had the lowest MedAE of all the formulas, but all were comparable except Holladay 1, which had
a significantly lower prediction accuracy with either AL adjustment. The SRK/T formula with the
CMAL adjustment had the highest accuracy in predicting the formula outcome within ±0.50 D. The
newer formulas (BU-II, EVO, Hill-RBF version 3.0, and Kane) were all equally predictable in long
eyes. The SRK/T formula with the CMAL adjustment was comparable to these newer formulas with
better outcomes than the WK adjustment. The Holladay 1 with either AL adjustment had the lowest
predictive accuracy.

Keywords: IOL accuracy; high myope; high axial length; Caucasian; Kane; Barrett; EVO; Hill-RBF;
Holladay 1; SRK/T

1. Introduction

The accurate calculation of intraocular lens (IOL) power is critical for providing opti-
mal visual acuity results for cataract surgery patients. As axial lengths reach the extremes,
the variation in outcomes increases significantly, demonstrating the need to carefully select
the best formula [1–3]. The first-generation SRK I, second-generation SRK II, and Hoffer
formulas have given way to the more modern third-generation Holladay 1, Hoffer Q, and
SRK/T formulas, as well as the fourth-generation Haigis and Barrett Universal II (BU-II)
formulas [3,4]. The SRK/T formula, in particular, has been shown to be particularly accu-
rate in eyes with an AL ≥ 27.0 mm [5–7]. More recent formulas include the Hill–Radial
Basis Function version 3.0, Emmetropia Verifying Optical (EVO), and Kane [7–9]. The
resulting improvement in accuracy has increased the popularity of newer formulas among
cataract surgeons [1,5,10].

Despite the increased accuracy of the newer third- and fourth-generation formulas,
they tend to underestimate IOL power for patients with longer eyes, causing postoper-
ative hyperopia [11]. An AL modification method, referred to as the Wang–Koch (WK)
adjustment, was published by Wang et al. in 2017, which increases the accuracy of older
generation formulas in patients with high AL [11]. Fernández et al. demonstrated that
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the variation in prediction error (PE) with axial length was due to considering a single
refractive index and not due to errors in the prediction of effective lens position (ELP),
suggesting a variation in the fictitious refractive index to address this problem [12]. In
2019, the Cooke-modified axial length (CMAL) method was proposed, which sums the
individual ocular segment lengths to predict a sum-of-segments AL that improved the
predictive power of third- and fourth-generation formulas in long and short eyes [13]. The
addition of these methods increased the prediction accuracy of newer generation formulas
such as SRK/T and Holladay in highly myopic eyes [5,14].

The BU-II formula was first presented as a modified version of the original Barrett
formula in 2010; it is considered one of the most accurate but remains unpublished [5,9].
Other unpublished formulas include the EVO (Tun Kuan Yeo, MD), Kane (Jack Kane,
MD), and Hill-RBF version 3.0 [9,15]. The Kane and Hill-RBF version 3.0 formulas both
incorporate artificial intelligence to predict IOL power [7]. The newly updated Hill-RBF
version 3.0 increased the database for eyes of all sizes, including myopic patients, and
added central corneal thickness (CCT), lens thickness (LT), white-to-white (WTW), and
gender to the existing parameters [15].

To our knowledge, the vast majority of studies evaluating the accuracy of the newer
formulas in highly myopic patients have taken place with Asian participants, where high
myopia is more common [16,17]. As eyes in Asian populations also tend to have flatter
corneas, it is possible that the use of these formulas in other racial groups with longer
axial lengths could have differing results [18,19]. Given this paucity of data outside of
Asian populations, there is a need for studies of these newer formulas in highly myopic
patients of non-Asian descent. The purpose of this study was to compare the IOL accuracy
of six IOL power formulas for eyes with extremely long axial lengths (≥28.0 mm) from a
predominantly Caucasian population.

2. Materials and Methods

2.1. Subjects and Procedures

This study was a retrospective review of consecutive cataract patients having undergone
uncomplicated phacoemulsification procedures at a single site from January 2013 to May 2021.
The Lenstar® LS 900 (Haag-Streit AG, Koeniz, Switzerland) reviewed 16,538 eyes and initially
identified 71 records of patients with axial lengths > 28.0 mm who subsequently underwent
simple phacoemulsification. Patients included had a manifest refraction performed at least
one month postoperatively with a corrected distance visual acuity (CDVA) of 20/40 or better.
Eyes with prior refractive surgery, intraoperative or postoperative cataract complications, a
history of severe fundus pathology (e.g., myopic degeneration or macular hole), or a lack of
postoperative refraction at one month or greater were excluded; this left 35 eyes of 25 patients
for analysis (Figure S1). The data were de-identified prior to analysis.

Biometric measurements included AL, keratometry (K), anterior chamber depth (ACD,
measured from the corneal epithelium to the lens), WTW, CCT, LT, and aqueous depth.
Preoperative refraction, uncorrected distance visual acuity (UDVA), and CDVA were noted
as well. All visual acuity measurements were converted to the equivalent logarithm of the
minimum angle of resolution (LogMAR). Additionally, the patient’s age, gender, and past
ocular and medical history were included in the data analysis. The patient’s self-reported
ethnicity data were not recorded in the paper charts. Ethnicity was projected from the
area’s demographics and recent census data.

2.2. Surgery and Intraocular Lenses

The standard phacoemulsification procedure was performed on all the patients by a
single experienced surgeon using topical anesthesia. One of six different foldable acrylic
lenses was inserted into the eye. The models of IOL lens choices included the AR40e
(Sensar®, Johnson & Johnson Vision, Jacksonville, FL, USA), MA60MA (Alcon Laboratories,
Fort Worth, TX, USA), MX60E (enVista®, Bausch + Lomb, Rochester, NY, USA), ZCB00
(TECNIS®, Johnson & Johnson Vision, Jacksonville, FL, USA), ZCT225 (TECNIS®, Johnson
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& Johnson Vision, Jacksonville, FL, USA), and ZXR00 (TECNIS Symfony®, Johnson &
Johnson Vision, Jacksonville, FL, USA). Patients were instructed to use third- or fourth-
generation fluoroquinolone antibiotic eye drops four times daily for one week. Patients
were also started on a topical steroid medication four times daily and tapered weekly over
one month. A topical NSAID eye drop was used twice daily for six weeks. Patients were
then scheduled for one-day, one-week, and one-month follow-up appointments where
the LogMAR, UDVA, and intraocular pressure (IOP) were checked. At the one-month
postoperative appointment, manifest refraction was performed, and LogMAR CDVA was
recorded. Any additional follow-up appointments were recorded within two years; IOP,
CDVA, UDVA, and manifest refractions were recorded for any of these follow-up visits.
The last manifest refraction charted was recorded as the patient’s postoperative spherical
equivalent (SE) to analyze the prediction error.

2.3. Retrospective and Statistical Analysis

The six formulas evaluated were:

(1) Barrett Universal II (available at https://calc.apacrs.org/barrett_universal2105/,
hereafter referred to as BU-II, accessed 12 September 2021);

(2) Emmetropia Verifying Optical (available at https://www.evoiolcalculator.com/,
referred to as EVO, accessed 12 September 2021);

(3) Hill–Radial Bias Function 3.0 Calculator (available at https://rbfcalculator.com/,
hereafter referred to as Hill-RBF, accessed 12 September 2021);

(4) Holladay 1 [20];
(5) Kane (available at https://www.iolformula.com/, accessed 12 September 2021);
(6) SRK/T [21].

Due to the small study sample and evaluation of long eyes, IOL constants for the
implanted lenses were obtained from those listed in the User Group for Laser Interfer-
ence Biometry database (available at http://ocusoft.de/ulib/c1.htm, referred to as ULIB,
accessed 15 June 2021). To calculate the predicted SEs, the ULIB IOL constants for each lens
and the patient’s biometric data were input into each formula. The published Holladay 1
and SRK/T formulas were exported directly into Excel (Microsoft Corporation, Redmond,
WA, USA). The AL was adjusted for the Holladay 1 and SRK/T formulas using the mod-
ified regression WK adjustment and the CMAL adjustment, resulting in two iterations
of each formula. For the remaining four unpublished formulas, ULIB IOL constants and
biometrics were input into the online calculators via Python (Python Software Foundation,
Wilmington, DE, USA) as recommended by Hoffer and Savini [22]. Refractive prediction
errors (PE) were then calculated by subtracting the formula-predicted SE refractive error from
the postoperative manifest refraction SE. Absolute prediction errors (AE) were calculated
from the PE.

Mean prediction error (MPE) was used to assess for postoperative myopic or hyper-
opic surprises. As described by Hoffer and Savini, the mean absolute error (MAE) and
median absolute error (MedAE) were calculated for each formula to assess the predictive
accuracy [22]. The max AE was noted for each formula as well. The cases were analyzed by
the percentage of eyes with a PE of ±0.25 diopters (D), ±0.50 D, ±0.75 D, and ±1.00 D for
each formula. The postop refraction values were rounded to the closest step to account for
the invariant refraction assumption.

Statistical analysis was performed using R version 4.0.2 (22 June 2020) statistical
software. Continuous variables were reported with a mean and standard deviation (SD),
and categorical variables were reported with a number and percentage. The normality of
the data was assessed with the Shapiro–Wilk test. The distribution of the AE values did not
follow normal Gaussian distribution, so nonparametric tests were used. The difference in
refractive errors between formulas was assessed with the paired Wilcoxon signed-rank test.
The percentages of PE within ±0.25 D, ±0.50 D, ±0.75 D, and ±1.00 D for each formula
were compared with a Cochran’s Q test. McNemar’s test with Bonferroni adjustment was
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then used to identify any statistically significant difference identified in the Cochran’s Q. A
p-value less than 0.05 was considered statistically significant.

3. Results

3.1. Population Demographics

The study comprised 35 eyes of 25 patients. The mean age of the study was
56.94 ± 9.56 years and 60% of the patients were female. The mean axial length was
28.71 ± 0.87 mm (range: 28.01 mm to 31.10 mm). The mean corneal power was
43.30 ± 1.61 D, with the majority of patients’ average keratometry (65.7%) falling between
42.0 D and 46.0 D. The average ACD was 3.66 ± 0.38 mm and the average LT of the patients
was 4.25 ± 0.52 mm. Table 1 summarizes all the biometrics, refractive outcomes, and
demographics of the study population.

Table 1. Demographics, biometrics, and refractive outcomes (n = 35).

n (%)

Gender (F/M) 15/10 (60.0%, 40.0%)
Eye (OD/OS) 20/15 (57.1%, 42.9%)

Mean ± SD Range

Age, y 56.94 ± 9.56 37, 76
Axial length (mm) 28.71 ± 0.87 28.01, 31.1
ACD (mm) 3.66 ± 0.38 2.38, 4.24
Lens thickness (mm) 4.25 ± 0.52 2.96, 5.6
Average keratometry (D) 43.30 ± 1.61 41.59, 49.22

n (%)

Keratometry subgroups
Flat (<42.0 D) 10 (28.6%)
Medium (42.0 D–46.0 D) 23 (65.7%)
Steep (>46.0 D) 2 (5.7%)

IOL Type
Alcon MA60MA 2 (5.7%)
AMO AR40e 2 (5.7%)
enVista MX60E 1 (2.9%)
Tecnis ZCB00 24 (68.6%)
Tecnis ZCT225 2 (5.7%)
Tecnis ZXR00 4 (11.4%)

Mean ± SD Range

IOL power (D) 7.76 ± 3.06 –1.00, +12.00
Preoperative

SE (D) –11.28 ± 4.29 –18.88, −3.63
UDVA (LogMAR) 1.69 ± 0.39 0.3, 1.90
CDVA (LogMAR) 0.22 ± 0.17 0, 1.00

Postoperative
SE (D) –0.58 ± 0.79 –2.13, 0.75
UDVA (LogMAR) 0.20 ± 0.23 0, 0.80
CDVA (LogMAR) 0.01 ± 0.07 –0.12, 0.30

Postoperative refraction, days
after surgery 147.62 ± 179.90 21, 686

D = diopters; F = female; IOL = intraocular; M = male; mm = millimeters; OD = right eye; OS = left eye; SD =
standard deviation.

The refractive measurements show a marked improvement in refractive error follow-
ing phacoemulsification surgery. The mean CDVA before the procedure was
0.22 ± 0.17 (LogMAR) and improved to 0.01 ± 0.07 (LogMAR) after the procedure. After
surgery, the mean SE approached emmetropia at –0.58 ± 0.79 compared to a mean preoper-
ative SE that was highly myopic at –11.28 ± 4.29. The implanted IOLs had a mean power
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of 7.76 ± 3.06 D (range: –1.00 to +12.00 D) with only one (2.86%) implanted lens with a
minus power diopter (Table 1).

3.2. Accuracy of the Six Formulas

Figure 1A shows the distribution and interquartile ranges of the PEs for each formula,
and Table 2 shows the MPE of each formula to illustrate the tendency of each formula to
lead to either myopic or hyperopic surprises. The four newer formulas tended to result in
hyperopic surprises as compared with the older SRK/T and Holladay 1 formulas. The WK
AL adjustment tended to lead to a myopic surprise for both SRK/T and Holladay 1. In con-
trast, the CMAL adjustment tended towards a hyperopic shift for Holladay 1. Interestingly,
the median value of PE closest to zero was the SRK/T formula with CMAL adjustment,
and this formula’s MPE is also closest to zero. Kane’s formula had the lowest MedAE
(0.270), with the three newer formulas (BU-II, EVO, and Hill-RBF) following closely behind
(Table 2). The WK adjustment, with either SRK/T or Holladay 1, had the highest MedAE
values. The WK adjustment for SRK/T had the highest MedAE of all the formulas, but the
CMAL adjustment with SRK/T was not far from the BU-II formula. The Wilcoxon signed-
rank test revealed a statistically significant difference (p < 0.05) of the WK adjustment to
either SRK/T and Holladay 1 compared to the CMAL adjustment of SRK/T, indicating that
the WK adjustment, with either formula, had lower accuracy (Table 3). Figure 1B shows
a boxplot of the AEs for each formula. The Holladay 1 with WK adjustment and SRK/T
with WK adjustment had the widest range and highest MedAE compared with the CMAL
adjustments or the four newer formulas.

Figure 1. Boxplots showing the prediction errors of intraocular lens calculation formulas. (A) The
numerical prediction errors were calculated by subtracting the predicted spherical equivalent (SE) from
the postoperative SE. (B) The absolute prediction errors were then taken from the numerical prediction
errors. BU-II = Barrett Universal II; CMAL = Cooke-modified axial length; EVO = Emmetropia Verifying
Optical; H1 = Holladay 1; WK = Wang–Koch AL adjustment. * significant p < 0.05.
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Table 2. Comparison of predictive outcomes.

Formula MPE SD MAE MedAE Max AE ± 0.25 D a ± 0.50 D a ± 0.75 D a ± 1.00 D a

BU-II 0.146 0.451 0.379 0.295 0.895 45.71 68.57 85.71 100.00
EVO 0.147 0.416 0.361 0.285 1.005 42.86 71.43 91.43 97.14
Hill-RBF 0.136 0.407 0.333 0.288 0.965 47.06 76.47 91.18 100.00
H1-CMAL 0.352 0.393 0.419 0.370 1.010 40.00 57.14 77.14 94.29
H1-WK −0.396 0.401 0.450 0.430 1.380 37.14 57.14 80.00 94.29
Kane 0.082 0.418 0.346 0.270 0.810 42.86 68.57 91.43 100.00
SRK/T-
CMAL −0.015 0.385 0.303 0.310 1.100 45.45 87.88 96.97 96.97

SRK/T-WK −0.442 0.411 0.474 0.450 1.410 33.33 54.45 69.70 93.94

AE = absolute prediction error; BU-II = Barrett Universal II; CMAL = Cooke-modified axial length; D = diopters;
EVO = Emmetropia Verifying Optical; H1 = Holladay 1; MAE = mean absolute prediction error; MedAE = median
absolute prediction error; MPE = mean numerical prediction error; Max AE = maximum absolute prediction error
SD = standard deviation; WK = Wang–Koch axial length adjustment. a = % of patients with refractive prediction
errors within 0.25 D, 0.50 D, 0.75 D, or 1.00 D.

Table 3. Statistical analysis comparison of AE.

Formulas BU-II EVO Hill-RBF H1-CMAL H1-WK Kane SRK/T-CMAL SRK/T-WK

BU-II - - - - - - - -
EVO 0.762 - - - - - - -
Hill-RBF 0.189 0.442 - - - - - -
H1-CMAL 0.09 0.114 0.097 - - - - -
H1-WK 0.408 0.207 0.156 0.801 - - - -
Kane 0.158 0.172 0.974 0.073 0.164 - - -
SRK/T-CMAL 0.073 0.153 0.562 0.125 0.012 † 0.376 - -
SRK/T-WK 0.331 0.161 0.200 0.514 0.335 0.153 0.010 † -

AE = absolute prediction errors; BU-II = Barrett Universal II; CMAL = Cooke-modified axial length; EVO =
Emmetropia Verifying Optical; H1 = Holladay 1; WK = Wang–Koch axial length adjustment. † = p < 0.05.

Cochran’s Q test evaluated the percentage of eyes within ±0.25 D, ±0.50 D, ±0.75 D,
and ±1.00 D. The percentages for each formula are stated in Table 2 and graphically
represented in Figure 2. The only significant difference among the formulas was found
between the percentage of eyes within ±0.50 D and ±0.75 D. Further testing identified that
the statistically significant difference was between the SRK/T-CMAL formula compared to
the SRK/T-WK, Holladay 1-CMAL, and Holladay 1-WK formulas for the percentage of eyes
within ±0.50 D (p < 0.05) with SRK/T-CMAL having the highest percentage of eyes with
predicted SE within ±0.50 D. The Hill-RBF formula had more accuracy in predicting eyes
within ±0.50 D compared with the Holladay 1 with CMAL adjustment (p = 0.0143). When
assessing the percentage of eyes that achieved postoperative refraction within 0.75 D of the
predicted SE, the SRK/T with WK adjustment did significantly worse than the remaining
formulas (p < 0.05) with only the exception of the Holladay 1 with WK adjustment formula,
which performed as poorly as the SRK/T-WK. The BU-II, Hill-RBF, and Kane formulas
could predict the postoperative manifest refraction within 1.00 D for all 35 eyes.
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Figure 2. Stacked histogram comparing the percentage of eyes within ±0.25 diopters (D), ±0.50 D,
±0.75 D, and ±1.00 D of predicted spherical equivalent for various intraocular lens calculation
formulas. BU-II = Barrett Universal II; CMAL = Cooke-modified axial length; EVO = Emmetropia
verifying optical; H1 = Holladay 1; WK = Wang–Koch AL adjustment.

4. Discussion

In this study, we assessed the accuracy of BU-II, EVO, Hill-RBF, Holladay 1, Kane,
and SRK/T in long eyes in a predominantly Caucasian population. Despite advances
in formulas, surgeons are still faced with the difficulty of accurately achieving desired
refractive outcomes for high myopes. In our study, the newer-generation BU-II, EVO,
Hill-RBF 3.0, and Kane formulas had greater accuracy than the third-generation Holladay 1
formula with either the WK or CMAL adjustment. The SRK/T with CMAL adjustment was
comparable to the newer IOL formulas. The WK axial length adjustment for SRK/T did
not prove to be as accurate as the CMAL adjustment and was comparable to the accuracy
of Holladay 1 (Figure 1 and Table 2).

Asians have a higher percentage of high myopia as compared with Caucasians [16,17].
As a result, most studies assessing IOL calculation accuracy within high AL have been
performed in predominantly Asian study populations [14,23–32]. While our study did not
have ethnicity data readily available in the paper charts, the population demographics of
the study site (Draper, UT) are 91.1% white and 3.5% Asian (US Census Data for Draper,
UT, available at https://www.census.gov/quickfacts/drapercityutah, accessed 27 June
2021). To the surgeon’s knowledge, only one patient was of Asian descent in the study.
There have been fewer studies assessing IOL formula accuracy evaluating AL greater than
25.0 mm in predominantly Caucasian populations, and even fewer evaluating the newer
vergence or artificial intelligence formulas [33–35]. The criteria for these studies were AL
>25.0, 26.0, or 26.5 mm, whereas the current study evaluated much longer eyes. In addition
to having a higher percentage of eyes with longer ALs, some studies have shown that
Asians have flatter corneal shapes as compared with Caucasians [18,19]. Axial length and
corneal shape are two variables known to heavily influence the predictive capabilities of
IOL formulas [27].

Assessing the accuracy of the formulas, the MedAE of the four newer formulas, Hill-
RBF, Kane, EVO, and BU-II, had the lowest prediction errors, with Kane having the lowest
of all the formulas and BU-II coming in fourth. The only significant difference in MedAE
identified between formulas was the Holladay 1 formula with the CMAL adjustment, which
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performed significantly worse than any of the four newer formulas or the SRK/T with
CMAL adjustment (Table 2 and Figure 1). Similarly, in assessing the percentage of eyes that
achieved a prediction error of ±0.25 D, ±0.50 D, ±0.75 D, or ±1.00 D, BU-II, Hill-RBF, EVO,
Kane, and SRK/T-CMAL had the highest percentage of eyes within 0.25 D. The statistical
difference showed that SRK/T-CMAL had a higher accuracy of predicting SE within 0.50 D
than the Holladay 1 formulas and the WK adjustment of SRK/T. The Holladay 1 formula
with WK adjustment did worse than the other remaining formulas in predicting the SE
±0.75 D (Table 2). The four new formulas also tended to predict postoperative hyperopic
shift compared with the older formulas, which tended to predict a postoperative myopic
shift. This result is consistent with the previous studies that have documented the tendency
for newer fourth-generation formulas to lead to postoperative hyperopia as compared with
older-generation formulas, which tend to have greater postoperative myopia [11].

A similar study compared the same formulas as the current study, except that they
used version 2.0 of the Hill-RBF formula and looked at a population of 370 high-AL eyes of
a predominantly Asian population [32]. Their study showed that the Holladay 1 with WK
adjustment and Kane formulas had higher accuracy in extremely high myopes. Of note,
their study defined extreme myopia as AL ≥ 30.0 mm, while the current study only had
four patients that fit this criterion. However, Fuest et al. in Germany looked at eyes with
long axial lengths and compared the BU-II and Hill-RBF 2.0 with Holladay 1 and SRK/T
formulas and found that the BU-II and Hill-RBF 2.0 performed better than the Holladay 1
and SRK/T formulas, which was consistent with other studies, including studies consisting
of Asian populations [1,34–37]. Our data support previous reports that the BU-II and
Hill-RBF perform more accurately than Holladay 1 and SRK/T in long eyes. This study was
able to add that the Kane, EVO, and SRK/T-CMAL formulas performed similarly to BU-II
and Hill-RBF in predominately Caucasian eyes. Similar studies in four Asian populations
and one European population also found newer-generation formulas such as the Kane,
EVO, and BU-II to be most accurate in long eyes [38–42].

Our study did have some limitations: (1) Because very high axial lengths are less
frequent in the population and even less so in Caucasian populations, our study sample
size was not as robust as other Asian studies, and we included bilateral eyes as a result
of the small size. The use of bilateral eyes can potentially compound data. (2) The chart
data did not include the patient’s self-reported ethnicity, and therefore assumptions were
made based on the demographics of the location of the surgical center and the physician’s
recollection of presumed ethnicity. (3) The study was retrospective and we had limitations in
standardization and follow-up periods. Future studies on larger sample sizes of Caucasian
populations or a single-site comparison of Asian to Caucasian would be warranted.

In conclusion, our results show that for axial lengths greater than or equal to 28.0 mm,
the Barrett Universal II, Emmetropia Verifying Optical, Hill-RBF version 3.0, and Kane
formulas were comparable in accuracy. Additionally, the Cooke-modified axial length
adjustment was better than the Wang–Koch axial length adjustment when used with the
SRK/T formula. The Holladay 1 had the lowest predictive accuracy of the six formulas
we tested. The most accurate prediction of high axial lengths in Caucasian eyes may be
achieved with Barrett Universal II, Emmetropia Verifying Optical, Hill-RBF version 3.0,
Kane, and SRK/T with the CMAL adjustment.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/jcm11195947/s1, Figure S1: Flow diagram illustrates the process by
which patients were selected for the study to obtain the predicted postoperative spherical equivalent
(SE) used to analyze the prediction accuracy of the six formulas. The axial lengths were modified with
the Wang–Koch and Cooke-modified adjustment prior to their input in the Holladay 1 and SRK/T
formulas. The Barrett Universal II, Kane, Emmetropia Verifying Optical (EVO), and Hill-RBF version
3.0 formulas are all unpublished, and the biometric data were input directly into their respective
online calculators.
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Abstract: This study investigates the dry eye effect after femtosecond laser-assisted cataract surgery
(FLACS) and also compares the risk of postoperative dry eye between FLACS and manual cataract
surgery (MCS). We searched various databases between 1 January 2000 and 15 October 2022 and
included peer-reviewed clinical studies in our review. Dry eye parameters were extracted at baseline
and postoperative day one, week one, one month, and three months. Parameters included were
the ocular surface discomfort index (OSDI), tear secretion (tear meniscus height, Schirmer’s test),
microscopic ocular surface damage (fluorescein staining), and tear stability (first and average tear
breakup time). Additionally, the differences of each parameter at each time point were compared
between FLACS and MCS. In total, six studies of 611 eyes were included. On postoperative day
one, increased, pooled standardised mean differences (SMDs) were noted in the OSDI, tear secretion,
tear film instability, and microscopic damage. During postoperative week one, dry eye worsened.
Fortunately, dry eye achieved resolution afterwards and nearly returned to the baseline level at
postoperative three months. When the parameters were compared between FLACS and MCS, those
of FLACS had higher severities, but most were not statistically significant. Dry eye impact was
approximately the same in FLACS and MCS at postoperative three months.

Keywords: dry eye; femtosecond laser-assisted cataract surgery (FLACS); phacoemulsification; cornea

1. Introduction

Dry eye is a common postoperative complaint from patients who underwent manual
cataract surgery (MCS) with conventional phacoemulsification [1,2]. Symptoms include
foreign body sensation, pain, blurred vision, ocular discomfort, burning, and dryness. These
symptoms negatively affect patients’ satisfaction with surgery, quality of life, and burden
public health [3]. After cataract surgery, signs of dry eye include a decreased tear breakup time,
decreased corneal sensitivity, and increased ocular surface staining [2,4,5]. The pathogenic
factors consist of inflammation, microscopic damage, neurosensory destruction on the ocular
surface, tear film instability, and hyperosmolarity [6–8].

Since 2010, the femtosecond laser has been used in cataract surgery. Femtosecond
laser-assisted cataract surgery (FLACS) provides precise anterior capsulotomy, safe lens
fragmentation, and accurate corneal incision. Thus, it uses less ultrasound energy and
phacoemulsification time [9], possibly leading to less postoperative inflammation and less
dry eye. However, direct contact of the ocular surface with the vacuum and sustained
pressure of the suction ring during FLACS may cause hyperaemia and microscopic damage
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to the ocular surface. In addition, laser procedures in FLACS may potentially affect the tear
film [10]. All these reasons may result in dry eye.

Previous studies comparing FLACS and MCS were primarily concerned with the
refractory outcome (e.g., visual acuity and spherical equivalent) and complication rate (e.g.,
anterior capsule tear or posterior capsule rupture) [9,11–16]. However, very few studies
have investigated post-FLACS dry eye or compared the risk of dry eye between the two
surgery groups. Therefore, we conducted this meta-analysis to investigate the impact of
FLACS on dry eye and then compared postoperative dry eye after FLACS and MCS.

2. Materials and Methods

2.1. Search Strategy

This study was conducted according to the preferred reporting items for systematic
reviews and meta-analyses (PRISMA) guidelines. We searched the PubMed, EMBASE,
and Cochrane databases for studies published from 1 January 2000 to 15 October 2022,
using the keywords ‘femtosecond laser-assisted cataract surgery’ and ‘dry eye’. Studies
were screened first by examining the titles and abstracts and then scrutinising full texts.
Bibliographies were also manually searched for the relevant literature.

2.2. Inclusion and Exclusion Criteria

Only peer-reviewed journal articles were included. They should be original, prospec-
tive, or randomised control clinical studies investigating dry eye presentation after FLACS.
Reviews, meta-analyses, or conference abstracts were excluded because of repeated data.
Two researchers (W.-C. Chen and Y.-Y. Chen) independently assessed the articles. A third
researcher (M.-C. Hung) intervened if consensus was not reached.

Evaluation of the quality of included articles was performed independently by two
researchers (W.-C. Chen and Y.-Y. Chen) using ROBINS-I risk of bias assessment tool. A
third researcher (M.-C. Hung) reassessed and made the final decision if discrepancies
occurred. ROBINS-I assesses the risk of bias in 7 domains, including confounding, selection
of participants, classification of interventions, deviations from intended interventions,
missing data, measurement of outcomes, and selection of the reported result. Each domain
contains a set of questions (criteria). The risk of bias judgement of each domain was
categorised into ‘Low risk’, ‘Moderate risk’, ‘Serious risk’, and ‘Critical risk’ of bias. Then,
the overall risk of bias was judged according to the assessment of each domain.

2.3. Data Extraction

The following data were tracked from each included article: the first author, year
of publication, and number/age/gender of participants. We also recorded the baseline
(preoperative) and postoperative parameters regarding dry eye with: the ocular surface
disease index (OSDI), tear meniscus height, Schirmer’s test, fluorescein staining, first tear
breakup time, and average tear breakup time.

2.4. Definitions of Parameters

The OSDI was adopted to evaluate dry eye symptoms. The questionnaire included
12 questions about eye discomfort, visual function, and environmental triggers. A higher
OSDI implies more severe dry eye [17]. Tear meniscus height was assessed via corneal
topography in order to measure the height of the inferior tear meniscus [18]. A lower tear
meniscus height implies a sign of dry eye. Schirmer’s test, also an index of tear secretion,
was performed with sterile strips inserted at the lateral third of the lower eyelid margin [19].
The strips were removed five minutes later and the amount of wetting of the paper strips
was measured. A lower Schirmer score suggests the diagnosis of dry eye. Fluorescein
staining was applied to assess ocular surface damage [20]. Topical fluorescein readily enters
and stains the corneal stroma where the epithelium is absent or when the epithelial cells
have lost intercellular junctions. A higher score of fluorescein staining is a sign of dry eye.
Tear film breakup time is a clinical evaluation of evaporative dry eye disease. Further, it
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is performed by instilling topical fluorescein into the eyes [21]. The number of seconds
that elapsed between the last blink and the appearance of the first dry spot in the tear film
was recorded as the first tear breakup time. Similarly, the average tear breakup time was
recorded. A higher tear breakup time indicates tear film instability.

2.5. Statistical Analysis

Meta-analysis was performed using the Comprehensive Meta-Analysis software,
version 3 (Biostat, Englewood, NJ, USA). First, we calculated the standardised mean
differences (SMDs) of each index between the post-FLACS time points and baseline. The
SMD from each study was computed by dividing the mean difference between each time
point and baseline by the standard deviation in order to ensure that the difference was on
the same scale. Then, the SMDs were pooled to derive the overall differences between post-
FLACS and baseline according to each time point. Second, we compared the differences
between the FLACS and MCS groups. The SMDs from each study were pooled to derive
the overall values using a similar algorithm. Thus, we could then know which surgery was
favoured. The heterogeneity among the studies was determined using the I2 statistic, and
an I2 statistic of ≥50% would represent high heterogeneity. Funnel plots and Egger’s test
were used to assess publication bias.

3. Results

3.1. Search Results

The PRISMA flow diagram is shown in Figure 1. A total of 67 studies were identified
initially. After eliminating duplicated articles (n = 8), we removed non-relevant studies by
screening titles and abstracts (n = 52). Then, a full-text review was performed. Conference
abstracts were excluded (n = 1). Finally, six studies were enrolled in our meta-analysis [22–27].

Figure 1. Preferred reporting items for systemic reviews and meta-analyses (PRISM) flow diagram
for searching and identifying included studies.

3.2. Evaluation of the Quality of Included Studies

Risk of bias for each study assessed by the ROBINS-I tool is presented in Table 1. The
overall results showed that one study (Schargus) had low risk of bias, four studies (Yu,
Shao, Zhou, and Xu) had moderate risk of bias, and one study (Ju) had severe risk of bias.
None of them had critical risk of bias.
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Table 1. Risk of bias assessment for the individual studies included in the meta-analysis.

D1 D2 D3 D4 D5 D6 D7 Overall

Yu [22] Moderate Low Low Low Low Moderate Low Moderate
Shao [23] Low Low Low Low Low Moderate Moderate Moderate

Schargus [24] Low Low Low Low Low Low Low Low
Ju [25] Moderate Low Low Low Severe Moderate Moderate Severe

Zhou [26] Moderate Low Low Low Low Moderate Moderate Moderate
Xu [27] Moderate Low Low Low Low Moderate Moderate Moderate

D1 = Bias due to confounding; D2 = bias in selection of participants into the study; D3 = bias in classification
of interventions; D4 = bias due to deviations from intended interventions; D5 = bias due to missing data;
D6 = bias in measurement of outcomes; D7 = bias in selection of the reported result; Low = low risk of bias;
Moderate = moderate risk of bias; and Severe = severe risk of bias.

3.3. Characteristics of Included Studies

The characteristics of the studies included in the meta-analysis are presented in Table 2.
A total of 678 eyes from 611 patients were enrolled in six studies, with 359 eyes receiving
FLACS and 319 eyes receiving MCS. Of the included studies, two were randomised con-
trolled trials and four were prospective cohort studies. Five studies were conducted in
China, whereas one study was performed in Germany. The mean age of the participants
was 60 to 70 years in most studies.

Table 2. Characteristics of the studies included in meta-analysis.

Author Year Type Country
Study

Population
Num of
Patients

Num of
Eyes

Age, Year
(Mean ± SD)

Male (n,
%)

Cataract Grading
Phaco

Time (s)

Yu [22] 2015 PCS China FLACS 73 73 69.0 ± 10.6 34 (46.6) NS 1+ (24.7%), NS 2+ (53.4%),
NS 3+ (17.8%), NS 4+ (4.1%) 35.5 ± 18.4

MCS 64 64 71.8 ± 10.1 27 (42.2) NS 1+ (23.4%), NS 2+ (54.7%),
NS 3+ (18.8%), NS 4+ (3.1%) 46.7 ± 26.7

Shao [23] 2018 RCT China FLACS 123 150 65.7 ± 11.8 67 (44.7) NR NR
MCS 110 150 69.1 ± 12.6 62 (41.3) NR NR

Schargus [24] 2020 RCT Germany FLACS 17 17 67.4 ± 9.7 7 (41.2) NR NR
MCS 17 17 66.0 ± 7.5 9 (52.9) NR NR

Ju [25] 2019 PCS China FLACS 38 38 72.6 ± 8.7 16 (42.1) NR NR

Zhou [26] 2018 PCS China FLACS 26 26 63.2 ± 8.6 11 (42.3) NS 1+ (0%), NS 2+ (38.5%),
NS 3+ (61.5%), NS 4+ (0%) NR

MCS 27 27 60.6 ± 6.4 10 (37.0) NS 1+ (0%), NS 2+ (40.7%),
NS 3+ (59.3%), NS 4+ (0%) NR

Xu [27] 2019 PCS China FLACS 55 55 64.5 ± 7.6 25 (45.5) NS 1+ (20.0%), NS 2+ (36.4%),
NS 3+ (30.9%), NS 4+ (12.7%) 37.7 ± 10.5

MCS 61 61 63.2 ± 8.6 27 (44.3) NS 1+ (23.0%), NS 2+ (34.4%),
NS 3+ (31.1%), NS 4+ (11.5%) 48.0 ± 13.6

Num= number; PCS= prospective cohort study; RCT= randomised controlled trial randomised control trial;
FLACS= femto-second laser cataract surgery; MCS = manual cataract surgery; NS = nuclear sclerotic cataract; NR
= not reported; and Phaco = phacoemulsification.

3.4. Outcome Assessment of FLACS Group

Table 3 presents the three parameters (OSDI, tear meniscus height, and Schirmer’s
test) at baseline and postoperative time points. Table 4 shows the values of the other three
parameters (fluorescein staining, first tear breakup time, and average tear breakup time).
The postoperative time points include day one, week one, one month, and three months.
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The FLACS group pooled analyses comparing the postoperative and baseline values
of the six parameters are presented in Figures 2 and 3. The overall SMDs showed increased
values at postoperative day one in four of the six parameters (OSDI, tear meniscus height,
Schirmer’s test, and fluorescein staining). The increase was statistically significant in tear
meniscus height (SMD: 0.456, 95% confidence interval (CI): 0.257 to 0.655), Schirmer’s test
(SMD: 0.132, 95% CI: 0.037 to 0.226) and fluorescein staining (SMD: 3.550, 95% CI: 0.354 to
6.747), but was not statistically significant in OSDI (SMD: 5.610, 95% CI: −2.191 to 13.411).
Subsequently, tear meniscus height and Schirmer’s test scores decreased to a level lower
than baseline, while OSDI and fluorescein staining scores remained higher than baseline.
The SMDs of each parameter had a tendency toward zero over time.

Figure 2. Cont.
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Figure 2. Overall effect of femtosecond laser-assisted cataract surgery (FLACS) on (a) ocular surface
disease index (OSDI), (b) tear meniscus height, and (c) Schirmer’s test. The square represents the
standardised mean difference of each study. The size of square stands for the relative weight of each
study. The lozenge represents the overall standardised mean difference.

Figure 3. Cont.
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Figure 3. Overall effect of femtosecond laser-assisted cataract surgery (FLACS) on (a) fluorescein
staining, (b) first tear breakup time (fBUT), and (c) average tear breakup time (avBUT). The square
represents the standardised mean difference of each study. The size of square stands for the relative
weight of each study. The lozenge represents the overall standardised mean difference.

Regarding the first and average tear breakup times, both had lower values than
baseline from postoperative day one to the first month. The decreased values were only
significant in the first tear breakup time at postoperative week one and the first month. The
SMDs of the first and average tear breakup times trended towards zero with time. Finally,
at postoperative three months, the six parameters were nearly similar to their baseline
values except for tear meniscus height, which was significantly lower than at baseline
(SMD: −0.172, 95% CI: −0.328 to −0.015).
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3.5. Outcome Assessment Comparing FLACS and MCS Group

Figures 4 and 5 compare the postoperative change in six parameters between FLACS
and MCS at various postoperative time points. The FLACS group had a higher reduction
in tear meniscus height, Schirmer’s test, fBUT, and avBUT. In addition, it had a higher
increase in OSDI and fluorescent staining than the MCS group at every postoperative time
point. In addition, the FLACS group showed less tear secretion postoperatively. However,
most differences between FLACS and MCS were becoming less from postoperative day
one to three months. Further, the differences were only significant at the following three
time points: Schirmer’s test at postoperative day one (SMD: −0.208, 95% CI: −0.397 to
−0.020), one month (SMD: −0.309, 95% CI: −0.534 to −0.085), and first tear breakup time
at postoperative week one (SMD: −0.685, 95% CI: −1.058 to −0.311).

Figure 4. Cont.

132



J. Clin. Med. 2022, 11, 6228

Figure 4. Comparison of (a) ocular surface disease index (OSDI), (b) tear meniscus height, and
(c) Schirmer’s test between the femtosecond laser-assisted cataract surgery (FLACS) group and
manual cataract surgery (MCS) group. I2 represents heterogeneity. The square represents the
standardised mean difference of each study. The size of square stands for the relative weight of each
study. The lozenge represents the overall standardised mean difference.

Figure 5. Cont.
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Figure 5. Comparison of (a) fluorescein staining, (b) first tear breakup time (fBUT), and (c) average
tear breakup time (avBUT) between the femtosecond laser-assisted cataract surgery (FLACS) group
and manual cataract surgery (MCS) group. I2 represents heterogeneity. The square represents the
standardised mean difference of each study. The size of square stands for the relative weight of each
study. The lozenge represents the overall standardised mean difference.

3.6. Heterogeneity and Publication Bias

Most analyses showed high between-study heterogeneity when evaluating the SMDs
of six parameters (I2 > 75%). Concerning publication bias, Figure 6 demonstrates the
funnel plots of studies regarding the post-FLACS effects. Regarding OSDI, tear meniscus
height and Schirmer’s test, the p-values of the Egger’s test were 0.31, 0.94, and 0.65,
respectively—revealing no significant publication biases. Significant publication biases
were noted regarding post-FLACS effects corresponding to fluorescent staining, first tear
breakup time, and average breakup time (all Egger’s tests p < 0.01).
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Figure 6. Funnel plots evaluating the publication biases regarding post-FLACS impacts on the six
dry eye parameters (a) OSDI, (b) tear meniscus height, (c) Schirmer’s test, (d) fluorescein staining,
(e) fBUT, and (f) avBUT. The lozenge stands for overall standardised mean difference.

Funnel plots of the studies comparing postoperative effects between FLACS and
MCS are presented in Figure 7. They exhibited no significant publication biases in all six
parameters of dry eye symptoms/signs (all Egger’s tests p > 0.1).

Since the publication bias is statistically significant regarding post-FLACS impacts on
fluorescein staining, fBUT, and avBUT, we applied the trim-and-fill method to deal with
the publication biases. After trimming the studies that caused a funnel plot’s asymmetry
and filling imputed missing studies in the funnel plot based on the bias-corrected overall
estimate, the funnel plots were adjusted and are presented in Figure 8. The direction and
significance of SMD did not change after adjusting the publication biases. Therefore, our
previous statistical analyses regarding SMD were convincible.
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Figure 7. Funnel plots evaluating the publication biases regarding the comparison between FLACS and
MCS on the six dry eye parameters (a) OSDI, (b) tear meniscus height, (c) Schirmer’s test, (d) fluorescein
staining, (e) fBUT, and (f) avBUT. The lozenge stands for overall standardised mean difference.

Figure 8. Funnel plots after using trim-and-fill method to adjust the publication biases regarding
post-FLACS impacts on the dry eye parameters (a) fluorescein staining, (b) fBUT, and (c) avBUT. The
lozenge stands for overall standardised mean difference. The data points for imputed studies are
highlighted in black.
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4. Discussion

This meta-analysis included six studies focusing on dry eye after FLACS. Six pa-
rameters (OSDI, tear meniscus height, Schirmer’s test, fluorescein staining, first breakup
time, and average breakup time) were used to evaluate dry eye symptoms/signs, which
were also compared between FLACS and MCS groups. On postoperative day one, eyes
receiving FLACS had transiently increased dry eye symptoms (OSDI) and tear secretion
(tear meniscus height and Schirmer’s test) but then decreased. Microscopic ocular surface
damage (fluorescein staining) was significantly increased on postoperative day one and
week one but improved after one month. Tear film instability (first breakup time and
average breakup time) lasted for one month after surgery and then returned to the baseline
level. Three months after surgery, only tear meniscus height was significantly decreased,
while all the other parameters were similar to baseline. Compared with MCS, FLACS had
a greater tendency towards dry eye in the early postoperative stage. However, the dry
eye symptoms/signs between FLACS and MCS showed no significant differences three
months after surgery.

This study is the first meta-analysis to compare the impact on postoperative dry
eye between FLACS and MCS, to the best of our knowledge. In our study, a transient
increase in tear secretion on postoperative day one may be related to surgical-induced
pain. One possible explanation for the tear film instability presenting itself immediately
after surgery is inflammation. Wound epithelial cells secrete inflammatory factors that
accumulate in tears. The bandage of the eye decreases the tear removal rate and aggravates
the inflammatory reaction, hyperosmolarity in tears, and subjective discomfort.

Regarding microscopic ocular surface damage, multiple reasons are responsible, includ-
ing preoperative instillation of povidone-iodine and local anaesthesia [28,29], intraoperative
irrigation, and light exposure [30]. Dry eye symptoms improved, but signs were worse at
postoperative week one, implying more cytokines were released from the wound in order to
induce inflammation. In addition, our study found that FLACS had a more severe effect on
dry eye than MCS. This effect may be due to the suction ring in FLACS, injuring the limbal
stem cells, conjunctival epithelium, and goblet cells. It is similar to the dry eye mechanism
after laser-assisted in situ keratomileusis [31]. In addition, the extra laser procedure in FLACS
leads to prolonged light exposure, thereby deteriorating tear film stability.

Fortunately, in our study, the symptoms/signs of dry eye immediately following
FLACS almost returned to baseline within three months postoperatively. This result might
be explained by the anti-inflammatory effects of postoperative eye drops. Previous studies
have revealed that neuroregeneration occurs 25 days postoperatively [32], supporting our
finding that postoperative dry eye tends to improve. Furthermore, the differences in dry
eye parameters between FLACS and MCS mainly have no significant difference and have a
decreasing trend. However, Yu et al. have found that FLACS causes more ocular surface
damage than MCS in patients with pre-existing dry eye [22]. Therefore, preoperative
screening and postoperative treatment for dry eye should be performed meticulously for
those receiving FLACS with a pre-existing unhealthy ocular surface.

The main limitation of our meta-analysis is the heterogeneity among the included
studies. The between-study variations may arise from differences in surgical machines,
study protocols, inclusion criteria, and perioperative use of topical medication. Five of
the six enrolled studies used the LenSx femtosecond laser system (Alcon Laboratories,
Fort Worth, TX, USA). Only Schargus et al. used the CATALYS laser system (Johnson and
Johnson, New Brunswick, NJ, USA). Different docking devices used in the laser platforms
may cause different effects on the ocular surface [24,33]. Another limitation is that most
included studies have a non-randomised design, increasing bias.

Moreover, the parameters used in our meta-analysis (OSDI, tear meniscus height,
Schirmer’s test, fluorescein staining, and tear breakup time) are not objective enough and
are prone to observers’ errors. Previous studies have suggested that tear film osmolarity
and matrix metalloproteinase levels are more reliable dry eye tests and correlate well with
dry eye severity [20,34,35]. In addition, meibomian gland dysfunction, lipid layer thickness,
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inflammatory levels, and goblet cell densities also play an important role in dry eye [36,37].
These parameters should be assessed in further studies. Still another limitation is that we
cannot perform subgroup analyses according to cataract grading or phacoemulsification
time, which are relevant with post-operative dry eye. We have extracted data of cataract
grading from three studies (Yu, Zhou, and Xu) and phacoemulsification time from two
studies (Yu and Xu). However, the information was presented as overall proportion or
mean, without mentioning the individual dry eye symptoms/signs corresponding to each
category of cataract grading or phacoemulsification time. The lack of details and the too
few study numbers makes subgroup analyses infeasible.

The strength of our study is that our results provide an evaluation of dry eye symp-
toms/signs following FLACS and include comparisons with those following MCS. There-
fore, we could have a better understanding of postoperative dry eye risk. More com-
prehensive studies will need to be conducted, thereby supplying evidence for further
meta-analyses.

5. Conclusions

In conclusion, both FLACS and MCS can induce dry eye. The adverse effects of FLACS
on the ocular surface are more severe in FLACS than in MCS. Fortunately, these effects are
transient and are resolved within three months after surgery. Cataract surgeons should
select FLACS candidates carefully and adopt preoperative evaluation and postoperative
therapy for dry eye. Further studies are warranted to verify and understand the post-
FLACS dry eye mechanism.
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