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2. Abbreviations

AL Axial length
AS-OCT Anterior segment optical coherence tomography
CDVA Corrected distance visual acuity
CXL Corneal collagen crosslinking
D Diopter
ETM Epithelial thickness mapping
HOAs Higher-order aberrations
IOL Intraocular lens
KC Keratoconus
LASIK Laser in situ keratomileusis
LoA Limit of agreement
LogMAR Logarithm of the minimum angle of resolution
LVC Laser vision correction
PRK Photorefractive keratectomy
RLE refractive lens exchange
SD Standard deviation
SD-OCT Spectral Domain optical coherence tomography
SimK Simulated keratometry
SMILE Small incision lenticule extraction
SS-OCT Swept-source optical coherence tomography
TCA Total corneal astigmatism
TCP Total corneal power
T-PTK Transepithelial phototherapeutic keratectomy
UDVA Uncorrected distance visual acuity
VHF Very high-frequency
Repeatability and agreement of total corneal astigmatism
Paper 1 measured in keratoconic eyes using four current devices

Heidelberg Anterion Swept-Source OCT Corneal Epithelial
Thickness Mapping: Repeatability and Agreement with
Paper 2 Optovue Avanti

Epithelial Thickness Mapping in Keratoconic Corneas:
Repeatability and Agreement Between CSO MS-39,
Paper 3 Heidelberg Anterion, and Optovue Avanti OCT Devices




3. Abstract

3.1 Background/Aim

The precision and accuracy of corneal imaging technology are crucial in contemporary
cataract and refractive surgery. This thesis aims to assess the quality of measurements for
total corneal astigmatism (TCA), axial length (AL) and corneal epithelial thickness mapping
(ETM), that are curial for early detection and management of keratoconus (KC), as well as for
planning and monitoring refractive surgery. Five modern optical coherence tomography
(OCT) devices were tested across various the clinical conditions, including keratoconus, post-

laser vision correction eyes, and in normal eyes.

3.2 Methods

We examined 392 eyes with three consecutive measurements using two swept-source
(SS) OCTs (Anterion and Casia SS-1000), one spectral-domain (SD) OCT (Avanti), one SS-
OCT combined with reflectometry (IOLMaster 700), and one SD-OCT combined with
Placido imaging (MS-39). Repeatability was assessed by pooled within-subject standard
deviation (Sw), and agreement was analyzed using paired t-tests, Bland-Altman plots, and the

tolerance index were used for agreement (TA).

3.3 Results

TCA measurements demonstrated excellent repeatability across all devices. However,
statistically significant differences in cylinder magnitude were observed for most pairs of
devices, except IOLMaster 700 vs. MS-39 and Anterion vs. MS-39. Anterion and IOLMaster
700 exhibited high repeatability in AL measurements and the difference between them was
not clinically significant. For ETM, Anterion demonstrated higher repeatability compared to
Avanti and MS-39. The TA surpassed the cutoff in all sections for all pairs of devices,

showing their non-interchangeability.

3.4 Conclusions

All devices demonstrated good repeatability in TCA-, AL- and ETM measurements.
However, variations and low agreement in cylinder magnitude and ETM were observed,
proving their non-interchangeability. On the other hand, AL measurements with Anterion and

IOLMaster 700 were interchangeable. We expect that our findings may provide valuable



insights for a tailored approach in the use of the tested device in a broad spectrum of clinical

situations.



4. Introduction

4.1 The Ocular surface

4.1.1 The Tear Film

The tear film is a vital component of the ocular surface and plays a crucial role in
maintaining the health and functionality of the eye.! It consists of three layers (Figure 1): the
lipid layer (0.1 pm), the aqueous layer (7 pm), and the mucin layer (0.02 to 0.05 um).>> The
lipid layer is primarily produced by the meibomian glands located in the eyelids. It forms a
thin film on the surface, reducing the rate of tear evaporation and maintaining tear stability.*
The aqueous layer is responsible for lubrication and provides the necessary nutrients to
maintain osmolarity. The aqueous layer is produced by the lacrimal glands, which are located
in the upper outer portion of the eye socket. The lacrimal glands secrete a watery fluid that
contains electrolytes, proteins, and other substances essential for maintaining the health of the
cornea and other ocular tissues.’ Lastly, the mucin layer is produced by the goblet cells
located in the conjunctiva, which is the thin membrane that covers the white part of the eye
and lines the inside of the eyelids. The mucin layer plays a crucial role in protecting the
corneal epithelium. It helps spread the tear film evenly across the cornea, ensuring that the
corneal epithelium remains moist and protected.? These layers function synergistically to
establish a stable tear film that plays a crucial role in ensuring ocular comfort and provides
mechanical, environmental, and immune protection. Additionally, they are indispensable for
maintaining epithelial health and creating a smooth refractive surface, essential for clear

vision.®

Cornegal

1
N Lo
epithelium Mucin  Aqueous Lipid

Figure I The tear film consists of three distinct layers: the lipid layer, the aqueous layer, and the

mucin layer.
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The air-tear film interface, the first refractive surface of the eye, contributes to the
eye's refractive power the most, due to the large difference in refractive index between the air
and the tear film. The tear film is crucial also because it fills and evens out the microscopic
irregularities on the corneal surface.” This is essential for upholding a consistent and smooth
optical surface.® ° Hence, any disruption to the tear film may lead to compromised optical
quality and diminished visual performance of the eye.!® Compromised ocular surface and tear
film condition ahead of refractive surgery may impact surgical outcomes, including

postoperative dry eye as well as suboptimal refractive outcomes and optical quality.!!

Among the complaints after refractive corneal surgery, dry eye stands as one of the
most prevalent.'> !? Its origin is thought to be multifaceted, encompassing neurotrophic
epitheliopathy, altered insufficient tear film, and inflammation-induced desiccation of the
ocular surface.!* Though typically transient, its adverse impact on quality of life is
noteworthy, often emerging as the principal cause for patient discontentment with the
refractive surgery results.'” Individuals with dry eye following refractive surgery are also
exposed to a heightened risk of regression in refraction and detriment to the ocular surface.!®
Identification of individuals with pre-existing dry eye pathology prior to surgery, coupled
with preoperative and postoperative interventions, holds the potential for improving refractive

surgery outcomes.!”

4.1.2 The Cornea

The cornea is a dome-shaped, transparent, avascular tissue located at the eye's anterior
surface with significant refractive and barrier functions.'® The average adult cornea is about

520 um thick in the center and 650 pm thick at the periphery.’

The cornea comprises five distinct layers (Figure 2), from anterior to posterior, namely
the epithelium, Bowman's layer, stroma, Descemet's membrane, and endothelium. The
corneal structure exhibits a complex arrangement tailored to its multiple functions. '
Additionally, a sixth layer (Dua's layer) has recently been proposed, lying in the pre-

Descemet's cornea.?’
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Figure 2 Five distinct layers of the cornea. From anterior to posterior: epithelium, Bowman's layer,

stroma, Descemet's membrane, and endothelium.

The corneal epithelium plays an active role in determining the final power of the
cornea. The refractive power of the epithelium is significant within the central cornea.?! It
accounts for an average of -1.03 D of the power of a normal virgin eye in the central 2-mm
diameter zone.?? It means that the removal of the epithelium leads to an increase in corneal
refracting power since the radius of curvature of the Bowman's membrane is smaller than the

cornea with epithelium.?!

The epithelium does not form a layer of uniform thickness over the Bowman's surface.
Epithelial profile is influenced by eyelid anatomy, mechanics and blinking, which occurs 300-
1500 times per hour.?® The eyelid applies more force on the superior than the inferior cornea,
and friction during lid closure is greater temporally than nasally.?* The mechanical stimuli
lead to alterations in cell shape and junction integrity, and influence the remodeling of cell-
cell junctions in epithelial tissues. Such mechanosensitive remodeling is vital for maintaining
tissue homeostasis and barrier function, as cells respond to local mechanical cues by
reorganizing their junctions and cytoskeleton.?> All the mentioned factors dictate the
physiological epithelial thickness profile, which shows slightly increased thickness inferiorly
and nasally compare with superiorly and temporally. The mentioned forces as well as the
smoothness of the stromal surface govern the process of “epithelial remodeling”,?® according
to the following four rules: 1. Epithelium thickens to fill the stromal depressions; 2.

Epithelium thins over the stromal peaks; 3. Epithelium changes are proportional to the

stromal profile landscape;*? 4. The amount of epithelial thickness variation is defined by the

12



rate of variation of the stromal curvature.?’ The clinical application of the epithelial

remodeling will be elaborated in the discussion section “7.2 Epithelial thickness”.

Apart from refracting and transmitting incoming light onto the retina, the cornea also
safeguards the delicate intraocular structures from external irritants, pathogens, and
mechanical trauma. The intricate interplay between the corneal layers, their specialized
cellular components, and their extracellular matrix culminates in an optical interface that

significantly influences the quality and acuity of vision.

4.1.3 The Corneal Optics

As a primary refractive element in the visual system, the corneal optic is essential in
focusing light onto the retina to form a clear and discernible image. The corneal refractive
power is determined by its curvature and refractive index, and the quality of the corneal optics
is decided by its geometrical/optical regularity. Numerous attempts have been made to
simplify the intricate optical system of the human eye, an example being the Gullstrand's eye
model.?® In this model, the total refractive power of the optical system is 58.64 diopters (D),
with 43.05 D attributed to the cornea and 19.11 D to the crystalline lens, assuming an axial
length of the eye of 24 mm.?° In Gullstrand's model, the cornea is depicted as a single
refractive surface.® However, in reality, the incoming light undergoes refraction not only at
the anterior, but also at the posterior surface of the cornea, as well as at the interface between
the epithelium and Bowman's surface. The anterior surface of the cornea is flatter than the
posterior surface, with average radii of curvature measuring 7.7 mm and 6.8 mm,
respectively. The anterior corneal surface exhibits significantly higher optical power (48.8 D)
than the posterior surface (-5.8 D), due to the significant difference in refractive indexes
between the air and the cornea, as opposed to the small difference between the cornea and the

aqueous fluid.

Derived from Gullstrand's human cornea model, which establishes a fixed ratio
between the anterior and posterior corneal radii of curvature and a theoretical refractive index
of 1.3375 (known as the keratometric index of refraction), which presents cornea as a whole
was introduced?!. Building upon this index, Simulated Keratometry (SimK) was introduced in
the 1980s as an integral component of computer-assisted video keratography technology*?.

The use of the SimK enables the calculation of the corneal power using the measurements of

13



only the anterior corneal surface. Until recently, this was a necessity because technology did
not allow optical measurements of the posterior cornea, and this has been functioning quite

well in eyes with normal, virgin corneas.

The total corneal power (TCP) refers to the optical power of the cornea based on
measured curvatures of both the anterior and the posterior corneal surfaces and using the real
refractive indexes of the two surfaces for calculating the corneal optics. Using the TCP is
essential in cases where the assumption of a fixed relationship between anterior and posterior
curvatures is invalid, like after corneal refractive surgery and in keratoconus (KC). Indeed, a
study showed that an IOL formula, using direct measurements of both anterior and posterior
corneal power, had a higher predictive accuracy for spherical equivalent refractive outcome in
post-laser vision correction (LVC) cataract surgery, than the regression-based formulas based
on the SimK.* In virgin eyes, the contribution of the posterior corneal astigmatism is not
nearly as significant as the contribution of the anterior corneal astigmatism **, and the SimK,
which is based solely on anterior corneal measurements, has been used with success to assess
the corneal optics in most traditional IOL calculations®”. Still, the lack of data from the
posterior cornea has been identified as the most important source of error in toric IOL
calculations®®. In KC, where the optics of the posterior corneal surface may be dominant and
in cases who previously underwent LVC, TCP and total corneal astigmatism (TCA), both
based on real measurements of both corneal surfaces, are crucial. An ever-increasing demand
for precision in refractive predictability in lens exchange procedures relies on the correct
power of the implanted IOL, which in turn depends on precise axial length (AL), corneal
power, and corneal astigmatism measurements. By focusing on KC eyes, our first paper aims
to address the specific needs of this population for best quality measurements that provide
insights relevant for clinical management. Through this investigation, we attempt to address
the gap in the current literature by assessing the repeatability and agreement of TCA
measurements using four OCT-based devices not previously tested in KC eyes. By
performing the measurements in a clinically relevant settings, our paper 1 also aims to aid
clinicians' decision-making processes and ultimately help improve the treatment outcomes

and visual quality for KC patients.
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4.1.4 Keratoconus and epithelial remodeling

KC is a progressive keratoectatic disease with localized biomechanical failure, which
leads to a local protrusion and can lead to significant visual impairment due to irregular

corneal optics.*”>8

The local protrusion causes intense epithelial remodeling consisting of a compensatory
thinning over the protruding part (cone) and thickening in the area of the surrounding annulus,
giving the characteristic donut-shaped epithelial thickness pattern.?® Epithelial thickness
mapping (ETM) has become an essential tool for the early diagnosis of KC,*% 34 by
revealing the epithelial thickness pattern that smoothens and hides the underlying stromal
shape. The ETM may be considered an imprint of the protruding stromal surface underneath

the moldable epithelial tissue.>

In this thesis, one of the primary clinical purposes was to evaluate the use of ETM
across different clinical scenarios, including KC eyes, post-refractive surgery eyes, and
normal virgin eyes. By comparing three optical coherence tomographers (OCT) featuring
different technologies: 1. Spectral-domain (SD) OCT combined with Placido disk corneal
topography (MS-39), 2. Swept-source (SS) OCT (Anterion), and 3. SD-OCT (Avanti) —we
aimed to determine the repeatability and agreement of these devices in measuring epithelial

thickness.

ETM is crucial for the early detection and management of KC, and it is currently
broadly used in the armamentarium for KC diagnosis as well as in treatment planning and it is
very sensitive in evaluating the effect of the treatment. It is also used in planning and
monitoring refractive surgery, both by differentiating true- from pseudo-ectasia in the
screening process, and for customized treatment planning in therapeutic cases as well as in
primary cases and enhancements. Furthermore, ETM is invaluable in post-refractive surgery

monitoring, by providing explanations for unsatisfactory outcomes and potential solutions.

4.2 The Crystalline Lens
4.2.1 Structure and Function

The human crystalline lens is an essential ocular structure behind the iris and the pupil
within the eye's anterior segment. It dynamically adjusts its shape to facilitate the focusing of
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light onto the retina, at varying distances, a function called accomodation.’! Comprising a
clear, flexible, and avascular tissue, the crystalline lens is enveloped by a thin, elastic

membrane known as the lens capsule. This capsule maintains the lens's structural integrity
and shape. The lens is further divided into three distinct sections: the lens nucleus, the lens

cortex, and the lens epithelium.

During the accommodation process®?, managed by the ciliary muscle, the lens changes
its curvature. According to the Helmholtz theory, ciliary muscle contraction leads to
relaxation of the lens capsule and relaxation of the zonules that anchor the lens. As a result,
the lens becomes thicker and more spherical, enhancing its refractive power for focusing on

near objects.

Over time, the lens may undergo age-related changes, including a gradual loss of
flexibility and transparency, leading to a condition known as presbyopia. This condition
impairs the lens's ability to adjust its shape effectively, resulting in difficulty in focusing on
close objects. The advancing age of lens fiber cells, their limited cellular machinery, and
elevated levels of crystallin proteins collectively play a role in the development of cataracts.
The growing susceptibility of crystallin proteins to damage over time, leads to aggregation of

the proteins, ultimately causing the formation of cataracts.>

4.2.2 The Lens Optics

The eye adapts its refractive power to achieve focus on nearby objects through
accommodation. In the relaxed eye, the lens has a power of about 19 D, while in the fully
accommodated state, it can temporarily increase to 33 D in young adults. In a relaxed
accommodative state, the collective optical power of the cornea and crystalline lens must
correspond to the eye's axial length for a clear focus of distant objects on the retina

)'52

(emmetropia).”” Deviations from this harmony result in unfocused images, a condition known

as ametropia (refractive error).

4.3 Diagnostics- Corneal imaging technology

4.3.1 OCT and OCT-based topography

OCT is a non-contact optical imaging technique used to visualize and analyze
biological tissues with exceptional precision and resolution. It employs the principles of
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interferometry and low-coherence light and the backscattered light is measured with an
interferometric set-up to reconstruct the depth profile of the sample at the selected location.>*
A scanning OCT beam allows for the acquisition of cross-sectional images of the tissue
structure, including the cornea.’> OCT constructs a depth-resolved profile of the tissue's
internal structure by measuring the time delay or phase shift of light returning from various
depths in the cornea. This technology allows for non-invasive, high-resolution visualization of
the cornea's different layers, such as epithelium, stroma, and endothelium, with micrometer-

level precision.>®

OCT-based corneal imaging has transformed clinical practice in ophthalmology. It
aids in diagnosing and monitoring corneal diseases like KC, Fuchs' endothelial dystrophy, and
corneal edema. It also plays an increasingly vital role in planning and assessing refractive
surgeries, such as LASIK and PRK, by providing accurate preoperative corneal thicknesses

and shape measurements.

Three types of OCT technologies, Time-domain, Spectral-domain, and Swept-source
have been used in ophthalmology. The first to appear, time-domain OCT (TD-OCT) was
remarkable for its time, but it suffered low image resolution. Spectral-domain OCT (SD-OCT)
technology achieves up to 100 times more A-scans per second than TD-OCT, minimizing the
risk of missing critical pathology.’” The more recently introduced swept-source OCT (SS-OCT)
technology has a light source of longer wavelength than the SD-OCT, allowing greater image
depth and high-contrast imaging of the entire anterior segment, achieving ten times faster image

capture speeds than SD technology.*®

Reinstein and colleagues pioneered ETM in 1994,2% 43-3 and they have described
"epithelial remodeling" across the whole cornea in eyes with KC?®3? using very high-
frequency (VHF) digital ultrasound scanning (Artemis Insight 100, ArcScan Inc, Morrison,
CO, USA). OCT-based ETM appeared much later (2011)*!, without surpassing VHF digital
ultrasound scanning in terms of repeatability. Still, OCT quickly became prevalent ETM
technology in clinical practice due to its speed and ease of use. The first commercially
available OCT-based instrument for ETM was the Optovue RT-100 (Optovue, Inc., Fremont,
CA, USA), introduced in 2011, featuring SD-OCT technology that provided ETM of the
central 6 mm of cornea. SD-OCT technology was later used in numerous other devices

providing a larger diameter ETM, with the Avanti (Optovue, Inc., Fremont, CA, USA)
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probably becoming the most commonly used one.* The Anterion (Heidelberg Engineering,
Heidelberg, Germany) and Casia 2 (Tomey Corporation, Nagoya, Japan) are high-resolution
anterior segment OCT devices featuring SS-OCT technology.®!

4.3.2 Placido-based corneal topography

In Placido-based corneal topography, the ring of visible light is projected to the
cornea. The reflected image of the corneal surface is captured by a camera. The captured
image is then computer-analyzed to determine the distance between the rings and their
distortion, which provides information about the anterior corneal curvature and its other

optical properties.®?

There are several constraints inherent to Placido-based technology. Firstly, the scope
of corneal coverage is confined to approximately 60%,% since the peripheral and central areas
of the maps are mostly based on interpolated data. Secondly, it lacks data from the posterior
corneal surface, which may be crucial in conditions like KC.%* % Lastly, the topographic
curvature maps derived from Placido technology are aligned to a reference axis, and the
position of the examined eye influences the reliability of the examination. Consequently,
cases involving displaced corneal apex or significant corneal asymmetry can lead to errors, as

their reference axis does not coincide with the corneal apex axis.

Different devices may exhibit variations in repeatability and agreement. Such
discrepancies may have significant clinical implications in the diagnosis and management of
KC eyes. Inconsistent measurements can lead to under- or over-diagnosing, suboptimal
treatment choices, and suboptimal follow-up, potentially affecting visual outcomes.
Therefore, understanding the clinical impact of measurement variability between devices is
crucial for improved the precision of corneal assessments and better quality of subsequent

management.

4.4 Lens exchange surgery
4.4.1 Cataract surgery

Cataract surgery, an important procedure in ophthalmology, involves the removal of a
clouded crystalline lens (cataract) and its replacement with an artificial IOL to restore visual
acuity.
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The evolution of cataract surgery witnessed significant advancements in the 20th
century. The introduction of extracapsular cataract extraction (ECCE) involved removing the
lens while leaving the posterior capsule intact, enabling IOL implantation. However, the

surgery still required a large incision and sutures.

The breakthrough came with phacoemulsification, pioneered by Charles Kelman in the
1960s.%¢ This technique involved using ultrasonic energy to fragment the cataract, which
could then be aspirated through a small incision. The introduction of foldable IOLs in the

1980s allowed for even smaller incisions and improved outcomes.

Modern cataract surgery employs a micro-incision technique, using ultrasound or laser
to emulsify the crystalline lens. Patients experience quicker recovery, reduced complications
compared to the earlier techniques, and improved visual outcomes. Although certain types of
IOLs provide multifocality and capability for both distance and near vision, these lenses

currently cannot fully revive the lens's ability to adjust focus.’

4.4.2 Lens exchange surgery

Lens exchange surgery, also known as refractive lens exchange (RLE) or clear lens
extraction (CLE), is a procedure involving the removal of a clear crystalline lens and
replacement with an artificial IOL to correct refractive errors, such as high myopia or
hyperopia with or without astigmatism, as one of the refractive surgery procedures.®® This
procedure is technically identical to cataract surgery, but it addresses refractive issues rather
than a clouded crystalline lens. RLE mostly involves the use of IOLs with multifocal or
accommodating capabilities, offering the potential to correct refractive errors, with the
resulting sharp vision at distance and at the same time provide improved functional vision at

closer distances.

Evaluation for both cataract surgery and lens exchange surgery involves
comprehensive preoperative assessment, to determine the patient's visual acuity, refractive
error, ocular health, and potential comorbidities. A biometric analysis is performed to
measure the eye's AL and corneal curvature, necessary for IOL power calculation. The

patient's medical history, lifestyle, and visual expectations are also assessed.
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4.5 Laser vision correction surgery

Corneal laser refractive surgery has been a groundbreaking procedure for correcting
vision by reshaping the cornea since the 1980s. The foundation for corneal laser refractive
surgery was laid by the development of the excimer laser, which could remove a controlled
amount of tissue from the cornea without generating heat, in order to alter its curvature and

accurately focus the light onto the retina.

Photorefractive Keratectomy (PRK): Developed in the 1980s%°, PRK was the earliest
form of corneal laser refractive surgery, and the first clinical studies were conducted to
evaluate its effectiveness in correcting myopia.’® It involves removing the epithelial layer of
the cornea mechanically or with alcohol, before reshaping the underlying stroma with a laser.
PRK is effective for treating myopia but has a longer recovery time than the more recent
procedures. It may lead to the development of subepithelial scaring (haze), is prone to
regression, and can cause discomfort during the initial healing phase. PRK has been less
successful in treating hyperopia and high-grade astigmatism. It should be noted that many of
the mentioned drawbacks of the original PRK were inherent to the older excimer laser
technology, like wide laser-beam of low frequency and lack of reliable eye-tracking.”! With
the advancement of the excimer laser technology after 2010, PRK has regained its popularity,
especially if used transepithelially, where the epithelium is also removed by the laser.”! With
this modality most of the issues with the original PRK are solved and the procedure is
particularly well suited for therapeutic refractive surgery where customized, corneal

topo/tomography- and epithelial thickness map (ETM)- guided ablations are used.

Laser-Assisted in situ Keratomileusis (LASIK): Introduced in the 1990s,”> LASIK
quickly gained popularity due to its quicker visual recovery and reduced postoperative
discomfort compared to PRK. In LASIK, a thin flap is created on the cornea's surface,
reshaping the underlying tissue with a laser. The flap is then repositioned, allowing for
quicker healing and visual improvement. LASIK is suitable for treating myopia, hyperopia,
and astigmatism. The 1990s witnessed the rapid growth of refractive surgery popularity. In
the early 2000s, LASIK continued to evolve, with surgical techniques and laser technology

refinements to enhance outcomes and safety.
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Small-Incision Lenticule Extraction (SMILE): SMILE has been introduced in the
2010s.” It involves creating a small incision on the cornea by femtosecond laser, to create a
precise lenticule of tissue, which is removed to alter the corneal shape, and correcting
refractive error. SMILE offers potential advantages, including less disruption to corneal

nerves and corneal biomechanics, potentially reducing dry eye symptoms.

Accurate measurements of total corneal astigmatism and corneal epithelial thickness
are essential for surgical planning in lens exchange and laser vision correction surgery. These
measurements are crucial in selecting the most suitable intraocular lens (IOL) for optimal
postoperative visual outcomes and in determining the appropriate surgical techniques in

corneal refractive surgery.’!

4.6 Concepts concerning measurement
4.6.1 Precision

Precision, in the context of measurements, refers to the degree of repeatability and
reproducibility of results. It assesses how closely individual measurements agree with each
other when performed under the same conditions (repeatability) and when performed by
different operators or in different laboratories (reproducibility)’. It is a crucial aspect of
measurements as it helps determine the reliability and trustworthiness of data. High precision
implies that the measurements produce consistent results, which is essential to make correct

clinical decisions”.

4.6.2 Repeatability

Repeatability measures the consistency or precision of results when the same
measurement or experiment is repeated multiple times by the same person or using the same
equipment and conditions’®. If the results are very close to each other in such repetitions, it

indicates high precision or repeatability.

4.6.3 Reproducibility

Reproducibility assesses the consistency of results when the same measurement is
conducted by different individuals, with different equipment, or in different locations. If the

results remain consistent across these variations, it signifies high precision or reproducibility.
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The current guideline from the International Standard recommends expressing
estimates of repeatability and reproducibility using standard deviations’®. When evaluating
the repeatability of repeated measurements on multiple subjects, a one-way analysis of
variance (ANOVA) should be performed to determine the within-subject standard deviation
(Sw). The Sy is the repeatability of the measurements. Considering the 95% confidence
intervals around this value, the repeatability limit (r) is reported as 1.96V2 - S,, which gives

the likely limits within which 95% of measurements should be within.”’

Comparison refers to the fundamental process of assessing the relationship between

different measurements to determine their agreement (see 4.6.4) and interchangeability (see

4.6.5). This concept is crucial for ensuring the reliability and consistency of measurements in

various scientific fields.

4.6.4 Agreement

Agreement in measurement refers to the degree of similarity or consistency between

multiple measurements acquired by different devices of the same quantity. When

measurements agree closely, it suggests that the measurement process is reliable and accurate.

The agreement can be summarized by determining a bias, which is estimated by the mean
difference d, and the standard deviation of the differences (s). If there is a consistent bias, it
can be accounted for by subtracting d from the latter. It would be expected that most
differences would lie between d —1.96s and d +1.96s assuming that differences follow a
normal distribution. Provided the differences within d + 1.96s are not clinically important
(clinical interpretation is an essential attribute of this approach), the measurements of two

devices could be used interchangeably.”’

4.6.5 Interchangeability

Interchangeability refers to the possibility of using a measurement acquired by one
device in place of another measurement, which is acquired by another device, with the
expectation that it will yield comparable results for the same quantity. Interchangeability is
essential for ensuring that measurements made by different instruments or in different
locations can be considered equivalent. It involves assessing factors like calibration,
standardization, and compatibility between measurement systems. The tolerance index for

agreement (TA) is calculated as described by Bergin and colleagues to assess
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95% LoA

Interchangeability.”® TA is defined as TA=In , where the 95% limits of agreement

(LoA) is the difference between the upper and lower 95% LoA and r is the limit of
repeatability.

4.6.6 Accuracy

Accuracy refers to how close a measured value is to the “true” value. It reflects the
overall correctness of a measurement’. It is different to precision, which relates to the
reproducibility or consistency of measurements. Precision is concerned with how close

individual measurements are to each other, regardless of their closeness to the “true” value”.

4.7 Study aims

Our aim was to identify clinically suitable technology for measurement of ETM, TCA
and AL to assure reliable diagnosis treatment and follow up of keratoconus and other corneal
conditions and for use in cataract and refractive surgery. Current corneal imaging
technologies, such as traditional Placido imaging and reflectometry, focus on measuring the
anterior corneal surface. This approach has significant limitations, particularly in assessing
total corneal astigmatism (TCA) and total corneal power (TCP), as it does not account for the
posterior corneal surface. For patients with keratoconus (KC) and those who have undergone
laser refractive surgery, this oversight can lead to inaccuracies in diagnosis, treatment
planning and outcomes. Accurate measurements improve the diagnosis and management of
KC and other corneal conditions, while, inaccurate data can result in suboptimal treatment
outcomes, affecting visual quality and patient satisfaction. Hence the clinical implications of
our measuring corneal posterior surface are substantial. Due to the rapid advancements in
imaging technology, there are gaps in literature in deeper understanding of the SD- and SS-
OCT technology and its application in measurements of TCA and epithelial thickness in

demanding clinical settings.

Lens and laser vision correction surgeries face several challenges, including the need
for high accuracy and precision in ocular measurements (TCA, ETM and AL). Traditional
intraocular lens (IOL) power calculations, based on anterior keratometry, overestimate
corneal power in KC eyes, leading to postoperative refractive errors such as hyperopia. TCA

and ETM are also especially important for therapeutic corneal refractive surgery.
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Modern imaging technologies, particularly optical coherence tomography (OCT), offer
solutions to these challenges. Swept-source OCT (SS-OCT) and spectral-domain OCT (SD-
OCT) provide detailed imaging of the entire anterior segment, including both the anterior and
posterior corneal surfaces within a short exam lasting couple of seconds, using non-disturbing
infra-red light. These advancements enable more accurate TCA and ETM measurements,
essential for early diagnosis of KC, differentiate true and pseudo- ectasia, and preoperative

assessment in cataract and refractive surgery.

Our project is to identify the most clinically propriate technology among several corneal
imaging devices for diagnostic and surgical tasks relevant to cataract and therapeutic cornea

surgery, has been achieved by testing the following three hypotheses:

Hypothesis 1: Hybrid SD-OCT and Placido disk imaging technology is clinically
applicable and compares favorably to validated SS-OCT and reflectometry technologies in

measuring TCA in KC eyes.

Hypothesis 2: SS-OCT-based ETM provides good diagnostic capabilities for detecting
and planning treatment for KC and PLRS eyes.

Hypothesis 3: Hybrid SD-OCT and Placido disk imaging technology and SS-OCT
technologies for ETM in KC eyes offer similar precision and clinical applicability as the

validated SD-OCT technology.

This thesis aims to provide insights into the clinical applications of the tested corneal
imaging technology, or use in early diagnosis, differential diagnosis, and preoperative
assessment, management, and follow-up in corneal, refractive, and cataract surgery. By
understanding each device’s strengths and limitations, clinicians may make more informed
decisions, improving patient outcomes. Our findings are aimed to emphasize the importance
of consistent device usage especially for preoperative and postoperative follow-up of KC
progression and PLRS outcomes, and to validate the tested devices in filling the requirements
for the very precise measurements of TCA and AL for premium IOL power calculations.
Ultimately, our results may help improve overall surgical outcomes in corneal, refractive and

cataract surgery.
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5. Materials and Methods

5.1 Patients

The participants recruited to the studies were patients screened for candidacy for
refractive surgery (Paper 2) or those already treated with refractive surgery at SynsLaser Clinic,
Tromse, Norway (Paper 2), and KC patients referred to CXL at the University Hospital of North
Norway, Tromse, Norway (Papers 1, 2 and 3).

Inclusion criteria for paper 1 were age 18 years or older and healthy corneas for the
virgin eye group; age 18 years and older and previous corneal laser vision surgery (both myopic
and hyperopic treated eyes) at least three months before the examination for the post laser
refractive surgery (PLRS) eye group; and age 16 years or older and a diagnosis of KC and the
spherical equivalent of myopia of 8.00 D or less for the KC group. Exclusion criteria included
a history of previous ocular surgery (except for PLRS eyes); patients with pterygium or other
conjunctival, limbal, or corneal diseases (except for KC); poor fixation or inability to complete

the examination; and use of hard contact lenses.

For studies 2 and 3, inclusion criteria were: age 16 years or older; diagnosis of KC; and
spherical equivalent of myopia of 8.00 D or less. Exclusion criteria were history of previous
ocular surgery (except for CXL); patients with conjunctival, limbal, or corneal disease (except
for KC); poor fixation or inability to complete the examination; and use of rigid gas permeable
contact lens within two weeks of the examination day. In patients where both eyes met the

inclusion criteria, one of each patient's eyes was randomly selected.

5.2 Instruments
5.2.1 Avanti

The Avanti SD-OCT (Optovue, Inc., Fremont, CA, USA; software version 6.11.0.12)
generates images using a SLed light source at 840 nm. It features a 70,000-Hz scanning and

obtains B-scans with an axial resolution of 5 um and a transversal resolution of 15 um.
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5.2.2 Anterion

The Anterion SS-OCT (Heidelberg Engineering, Heidelberg, Germany; software
version 2.5.2) generates images using a laser light source with a 1300 nm wavelength to obtain
B-scans with an axial resolution of <10 pm and a transversal resolution of 45 um. An active
eye-tracker is utilized. The software version 2.5.2, with an activated investigational epithelium

feature, provides corneal ETM.

5.2.3 MS-39

The MS-39 (CSO, Firenze, Italy; software Phoenix v.4.1.1.5) combines two
illumination sources, for SD-OCT, a super luminescent diode (SLed) at 845 nm, and Placido
disk, a SLed at 635 nm. It provides an axial resolution of 3.6 um and a transversal resolution of
35 um. For the anterior corneal topography, ring edges are detected on the Placido image,
providing native curvature data, while the height and slope data are calculated using the arc-
step method. Profiles of both the anterior and the posterior cornea are provided from the SD-
OCT scans. Data representing the anterior corneal surface is provided by merging the Placido
imaging and the SD-OCT, using the manufacturer's proprietary method, while the data for the

posterior cornea is derived solely from the SD-OCT.

5.2.4 Casia SS-1000

The Casia SS-1000 (Tomey, Japan; software version 6Q.2) is also an SS-OCT, using a
1310 nm light source. Its axial and transverse resolution is 10 um and 30 um, respectively. It
performs 16 radial scans with 512 A-scan lines centered on the corneal vertex within 10 mm
diameter. The device performs 30000 A-scans per second and uses auto alignment to focus on

the examined eye. Acquisition time is about 0.3 seconds.

5.2.5 IOLMaster 700

The IOLMaster 700 (Carl Zeiss Meditec, Jena, Germany) is an SS-OCT device
combined with telecentric keratometry. The OCT uses a laser with a tunable wavelength
ranging from 1035 nm to 1080 nm, centered on 1055 nm, while the keratometer uses a 950
nm light source. The SS-OCT generates B-scans with an acquisition speed of 2000 A-scans
per second and a penetration depth of 44 mm, providing 6-line scans with 22 pm axial

resolution. These B-scans are displayed as full-length OCT images showing anatomical
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details on a longitudinal section through the entire eye. The telecentric keratometer measures
18 points arranged on three rings radially from the corneal center. The optical axes of the SS-
OCT and the keratometer are identical. This ensures that the B-scan passes through the
measuring points. The anterior and posterior corneal curvatures are measured by telecentric
keratometry and SS-OCT, respectively. Measurements can be done in Auto/ Manual mode. In

the current thesis, the auto mode was selected.

5.3 Clinical measurements
5.3.1 General Ophthalmologic Evaluation

All patients underwent complete ophthalmologic evaluation, including slit lamp bio-
microscopy, Anterior segment optical coherence tomography (Avanti, Optovue, Inc., Fremont,
CA, USA; Anterion, Heidelberg Engineering, Heidelberg, Germany), Placido-based corneal
topography and wavefront aberrometer (Nidek OPD II, Nidek Co. Ltd, Aichi, Japan) or a
luminescent diode based total ocular wavefront aberrometer (Osiris, CSO, Firenze, Italy), eye
tonometry (Icare tonometer, Revenio Group Corporation, Helsinki, Finland), fundoscopy
(EasyScan, Medicolle, Tyres6, SWEDEN; Canon CR-2 AF, Canon Medical Systems, USA),
subjective spectacle refraction, UDVA, and CDVA.

5.3.2 Total corneal astigmatism measurements

We employed the MS-39, Anterion SS-OCT, Casia SS-1000, and IOLMaster 700 to
measure total corneal astigmatism. The technical specifications of the devices are summarized
in Table 1. The TCA values were given for a central 3.0 mm zone for all devices except for

IOLMaster 700, which gave the values for a 2.5 mm zone.

For MS-39 and Anterion, the steep and flat keratometry readings and axis for a central
3.0 mm zone are given by the manufacturers with Microsoft Excel 2019 (Microsoft Corporation,
Redmond, WA). For Casia SS-1000, the readings were exported directly from the software. For
IOLMaster 700, the Keratometry values are calculated by analyzing the anterior corneal
curvature at 18 reference points in hexagonal patterns at 1.5-, 2.5-, and 3.5-mm optical zones.
The keratometry values analyzed in the current thesis were at the 2.5-mm zone. The

keratometry values were read from the reports, and then recorded in Excel sheets.
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Table 1 Specifications of the four devices for TCA

Table 1. Specifications of the four devices for TCA
Device Anterion Casia SS-1000 IOLMaster 700 MS-39
OCT: 1055; OCT: 845;

Light source wavelength (nm) 1300 1310 Keratometer 950 Placido: 635
A-scan speed (scan/s) 50000 30000 2000 102,400
Axial resolution (um) <10 10 22 3.6
Transverse resolution (um) <45 30 24 35
A-scan depth (mm) 14+ 0.5 6 44 7.5
Maximum Scan width (mm) 16.5 10 6 6
Number of B-scans 65 x 1 16 18 12 x 5%
Number of A-scans per B-scan 256 512 128 1024**
Acquisition time (s) 0.33 0.3 1.2 2

OCT = optical coherence tomography, TCA = total corneal astigmatism, *: Customized in this thesis
as recommended by the manufacture; **: 1600 A-scan on 16 mm and 800 A-scan on 8§ mm

5.3.3 Epithelial Thickness Measurements

We employed the Avanti SD-OCT (Paper 2 and 3), Anterion SS-OCT (Paper 2 and 3)
and MS-39 (Paper 3) to measure epithelial thickness.

The measurements with the three devices were performed in a random order according
to a randomized list generated by Microsoft Excel 2016. Three consecutive measurements were
taken with each device. For each device, a single measurement was acquired within 20 seconds.

All measurements with all three devices were acquired within 10 minutes.

The patients were asked to fixate on the device's fixation target to achieve a coaxial
position with the infrared camera and the corneal vertex. During each measurement, the
examiner centered the scan on the corneal vertex by adjusting the joystick until a bright vertical
flare line was seen at the center of the real-time OCT image. Patients were instructed to blink
immediately before each measurement to ensure that the tear film would be spread out evenly
and to keep their eyes wide open during the measurement. After each measurement, patients
were then asked to sit back and look away from the fixation light. No eye drops were applied

during testing.

With Avanti, corneal thickness mapping and ETM are produced using the "Pachymetry
Wide" scan pattern mode and attaching the "long adaptor lens" to the instrument. The ETM

measurement consists of 8 radial scans at 22.5° intervals, repeated five times for each meridian,
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with 1,024 A-scan lines over a 9 mm diameter. The acquisition time is 0.58 seconds. ETM, as
well as the corneal pachymetry maps, are generated by an automatic algorithm and divided into
a total of 25 sections over a 9-mm diameter: a central 2 mm diameter zone and eight sections
equally distributed within three annular rings (2-5 mm, 5-7 mm, and 7-9 mm). The mean

epithelial thickness of each section is presented in Figure 3.

Superior /
/

*\\Superioy"

Superior \ / Superior
temporal \ nasal

Temporal

Inferior \ Inferior
temporal / \ nasal

/Inferior \

5-7 mm ring
Inferior

Figure 3 17 sections and two rings used in the analysis of the measurements.

With Anterion, the ETMs are acquired quickest using the "Cornea APP" mode on the
device, but the same data can also be obtained with the "Cataract APP" mode; both perform 65
radial scans with 256 A-scan lines centered on the corneal vertex within a 7 mm diameter. The
acquisition time with the Cornea APP is <1 second. After the acquisition, the instrument

presents ETM, displaying the mean thicknesses at 41 points evenly distributed across the map.

With MS-39, the "Corneal topography" mode "12 x 5 @10 mm" was used for ETM as
recommended by the manufacturer, as it provides a higher resolution than the "25 x 1 @16
mm" mode, which has been used in previous studies.””®! In the 12 x 5 mode, the ETM
measurement consists of 12 radial B-scans repeated 5 times for each of the 12 meridians, with
800 A-scan lines per B-scan over an 8§ mm diameter. The acquisition time is about 1 second. It
calculates the epithelial thickness within the 8 mm diameter and provides ETM, divided into a
total of 25 sections: a central 2 mm diameter zone and eight sections equally distributed
(superior (S), superior temporal (ST), temporal (T), inferior temporal (IT), inferior (I), inferior

nasal (IN), nasal (N) and superior nasal (SN)) within three annular rings (2-4-, 4-6- and 6-8
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mm). The mean, maximum, and minimum values as well as the standard deviation (SD) of each

section, are presented on the map.

For all three devices, the user may measure the epithelium thickness at any point on the
map by mouse pointing. To compare the three devices, the mean values of the same 17 sections
(including the central 2 mm zone) within 7 mm diameter, as well as for the whole 2-5 mm and
5-7 mm rings, were calculated (Figure 3). Only high-quality images centered at the corneal
vertex, with complete coverage and free of motion artifacts, were accepted for analysis. The
technical specifications of the devices are summarized in Table 2. Three measurements were

obtained on a single visit, and the average value was used for further analysis.

Table 2 Technical specifications of the three devices for ETM

Table 2. Technical specifications of the three devices for ETM

Device MS-39 Anterion Avanti
Light source wavelength (nm) 001 88 1300 840
A-scan speed 102,400 50000 70000
Axial resolution (um) 3.6 <10 5
Transverse resolution (pm) 35 <45 15
A-scan depth (mm) 7.5 14 3
Maximum Scan width (mm) 16 16.5 12
B scan 10 x 5% 65 x 1 8 x5
Number of A-scans per B-scan 1024%* 256 1024
Acquisition time (s) 1 0.33 0.58

OCT = optical coherence tomography; ETM = epithelial thickness
mapping, *: Customized in this thesis as recommended by the
manufacturer;, **: 1600 A-scan onl6 mm and 800 A-scan on 8§ mm

5.3.4 Measurement Quality and Image Selection Criteria

To ensure the accuracy and reliability of our study's findings, stringent criteria were
implemented for selecting high-quality images and measurements for TCA, AL, and ETM
across all devices used. All measurements were conducted by the same experienced examiner
(YF) using standardized protocols to minimize variability. The measurements were performed
between 10 AM and 2 PM to reduce diurnal variations, and only data meeting strict quality

criteria were included in the final analysis.

For TCA measurements, images needed to be well-centered on the corneal vertex with

clear visualization of the corneal curvature. The tear film had to be uniform and free from
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significant distortions or motion artifacts, and the devices’ specific quality indices were used

to verify image acceptability. AL measurements were taken concurrently with TCA

measurements using the Anterion and I[OLMaster 700 devices, ensuring consistency in patient

positioning and fixation. Multiple images were captured, and only the eyes for which each

device captured three high-quality images were included in the analysis.

For ETM measurements, images needed to clearly delineate the epithelial layer with

minimal noise and artifacts. Scans were centered on the corneal vertex, confirmed by a bright

vertical flare line on the real-time OCT image. Only eyes with three high-quality ETM

measurements from each device were included in the analysis.

The percentage of high-quality measurements was documented in Table 3 to reflect the

reliability of the data and ensure transparency.

Table 3 Proportion of acceptable quality measurements per device used in the three papers

Table 3. Proportion of acceptable quality measurements per device used in the three

papers
Paper  Population Device
Paper | Anterion  MS-39 Casia SS-1000 IOLMaster 700
KC 90.91% 87.88% 92.12% 82.42%
Anterion Avanti
Paper 2 Virgin 98.91% 97.83%
PLRS 96.00% 92.00%
KC 87.41% 85.31%
Paper 3 Anterion Avanti MS-39
KC 88.89% 83.33% 84.72%

KC = keratoconus; PLRS = post-laser refractive surgery

5.4 Data Analysis

5.4.1 Astigmatism Components Analysis

The TCA values were decomposed into two components by using the following

equations®?:

c
JOZEXCOSZOK

C ,
Jas =7 X sin2a
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Where c is the negative cylindrical power and a is the cylindrical axis. Jo refers to a Jackson
cross-cylinder power set orthogonally at 90° and 180° meridians. Positive values of Jo indicate
with-the-rule (WTR) astigmatism, and negative values of Jo indicate against-the-rule (ATR)
astigmatism. J4s refers to a Jackson cross-cylinder power set orthogonally at 45° and 135°,

representing oblique astigmatism.

5.4.2 Statistical analysis

Data was entered into Microsoft Excel 2019 and then imported into the statistical
package SPSS (IBM SPSS Statistics for Windows, Version 20.0. IBM Corp) for analysis.
Descriptive statistics were done for continuous variables. Visual inspections of P-P plots and
Kolmogorov—Smirnov tests were used to confirm that the data were normally distributed. The

level of statistical significance was set at p <0.05.

We used vertically mirrored symmetry superimposition: thickness values for left eyes
were reflected in the vertical axis and superimposed onto the right eye values to combine

nasal/temporal characteristics.®

To assess the repeatability, we calculated the pooled within-subject standard deviation
(Sw) (lower values of Sy indicate better repeatability).®* The repeatability limit (r), defined as
1.96\2 x Sy, (= 2.77 x Sy), gives the value below which the absolute difference between two

measurements of Sy would lie with 0.95 probability.”” 8

To assess the agreement, we calculated the following parameters: 1. Difference in
thickness readings, 2. The 95% LoA, defined as the mean difference in thickness + 1.96 x
standard deviation, and 3. Paired two-tailed t-tests. Bland-Altman plots were generated to

visualize the agreement between any two devices.

To assess ETM measurement interchangeability between devices, the tolerance index

for agreement (TA) is calculated as described by Bergin and colleagues.” TA is defined as:

95% LoA

TA=In

where the 95% LoA is the difference between the upper and lower 95% LoA and r is the limit

of repeatability. From the formula, we observe that a value of 0 represents a perfect alignment
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between the limits of agreement and repeatability, and therefore the corresponding devices
can be considered fully interchangeable. For two devices, A and B, we use the 95% LoA in
the numerator and the limit of repeatability of device A (ra) in the denominator. If the
resulting TA value is below the corresponding cutoff value (shown in Table 4) in the paper by
Bergin and colleagues,”® device A can be replaced by device B. Vice versa, if we want to
evaluate whether device B can be replaced by device A, then we use the same difference in
the numerator, but in the denominator, we use the limit of repeatability of device B (rg). Then

we check again if the TA value is below the same cutoff value.

Table 4 Tolerance Index Cutoff Based on Sample Size

Table 4. Tolerance Index Cutoff Based on Sample Size

Sample 2
n 10 20 30 40 50 75 100 150 250 1000
n CI 31% 22%  18% 15% 14% 11% 10% 8% 6% 3%
10 31% 048 042 040 038 037 035 034 033 032 0.29
20 22% 042 036 034 032 031 029 028 026 0.25 0.22
30 18% 040 034 0.3l 029 028 026 024 023 022 0.19
E 40 15% 038 032 029 028 026 024 023 022 0.2 0.17
g* 50 14% 037 031 028 026 024 023 022 02 0.18 0.16
3 75  11% 035 029 026 024 022 022 019 0.18 0.16 0.13
100 10% 034 028 024 023 0.21 0.19 0.18 0.16 0.15 0.12
150 8% 033 026 023 021 020 0.18 0.16 0.15 0.13 0.11
250 6% 032 025 022 020 018 0.16 0.15 0.13 0.12 0.09
1000 3% 029 022 019 017 016 013 0.2 011 0.09 0.06

* This table was originally made by Bergin and colleagues’, and reproduced here with the permission of the

authors.

5.4.3 Sample size estimation

To achieve a 15% confidence in the estimate (a number used in similar repeatability

studies of ETM in eyes with KC”-8%85) the required sample size, n is given by the formula®¢:

1.96——% ==0.155w

J2n(nr-1
where n' is the number of repeated measurements. Solving this equation for n' = 3 gives n=

43.

Paper 1 enrolled 136 KC eyes (n=136), paper 2 enrolled 90 virgin, 46 PLRS, and 122
KC eyes (n=258), and paper 3 enrolled 60 KC eyes (n=60), which all give a higher than 15%

confidence.
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6. Results

6.1 Paper 1

In paper 1, we evaluated repeatability and agreement of measurements of TCA in KC
eyes, obtained by two SS-OCT-based devices (Anterion and Casia SS-1000), one SS-OCT
combined with reflectometry (IOLMaster 700) and one SD-OCT combined with Placido
imaging (MS-39). Three qualified measurements were acquired with each of the four devices
in 136 eyes (OD/OS: 81/55) of 136 patients (41.66 years = 15.15 [SD], range 16 to 75 years;
male/female: 87/49). TCA values were transformed into TCA components (Jo/J4s). The

acquisitions from the Anterion and the IOLMaster 700 also provided AL measurements.

According to Amsler-Krumeich KC classification, the 136 eyes included in this paper
were Grade I: 103 eyes, Grade II: 30 eyes, Grade III: 3 eyes, and Grade IV: 0 eyes. For all
four devices, the repeatability of TCA measurements showed Sy < 0.23 D for TCA
magnitude, < 0.14 D for Jo, and < 0.12 D for J4s. Anterion had the best Sy for TCA magnitude,
Jo and Jss, followed by Casia SS-1000, IOLMaster 700 and MS-39. Anterion had the best Sy
with 4.26° for the TCA axis, followed by IOLMaster 700 with 7.21°, MS-39 with 8.73° and
Casia SS-1000 with 9.23°. All of them had an Sy, statistically significant (p< 0.001) negative
Pearson correlation (with r from -0.491 to -0.359) with the TCA magnitude, which means,

that as the magnitude increases, the Sy tends to decrease (better repeatability).

Casia SS-1000 had the lowest mean TCA magnitude with 1.52 = 1.31 D, followed by
Anterion with 1.89 + 1.52 D, MS-39 with 1.99 + 1.73 D, while IOLMaster 700 had the
highest with 2.15 + 1.81 D. The means of J45 values were similar for all four devices (from
0.124 to 0.189 D), while the mean of Jo for Anterion and Casia SS-1000 was higher than for
IOLMaster 700 and MS-39. There were statistically significant differences in TCA magnitude
in all pairs except for Anterion vs. MS-39 and IOLMaster 700 vs. MS-39, but only the
difference between Casia SS-1000 and IOLMaster 700 was clinically significant by exceeding
0.50 D (0.631 D, p =0.000). There were no statistically significant differences in TCA
components in any pairs except in Jo for [OLMaster 700 vs. Anterion with a mean difference
of -0.191 D (p =0.000), and in Anterion vs. MS-39 with a mean difference of 0.196 D (p
=0.004).
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Both Anterion and IOLMaster 700 had high repeatability in AL measurements (Sw:
0.007 mm for Anterion and 0.009 mm for IOLMaster 700). The difference in AL between the
two was 0.015 £0.033 mm (p < 0.001).

6.2 Paper 2

In paper 2, we assessed the repeatability of corneal epithelial thickness mapping in
virgin, PLRS, and keratoconic eyes using a novel SS-OCT and to determine the agreement of
the measurements with a validated SD-OCT. We Analyzed 90 virgin, 46 PLRS, and 122
keratoconic eyes. Three consecutive measurements of each eye were acquired with the Anterion
SS-OCT and Avanti SD-OCT devices, and averages of the epithelial thickness mapping were

calculated in the central 2-mm zone and in the 2- to 5-mm and 5- to 7-mm diameter rings.

The repeatability ranges of the Anterion and Avanti epithelial thickness mapping
measurements were Sw: 0.60 to 1.36 pm and Sy: 0.75 to 1.96 pm, respectively. The 95% limits
of agreement of the Anterion and Avanti were 0.826 to 8.297. All values of the thickness
measurements with the Anterion were lower than those of the Avanti, with the mean differences
being 4.06 = 1.81, 3.26 £ 2.52, and 3.68 + 2.51 um in virgin, PLRS, and keratoconic eyes,
respectively (P < 0.001 for all).

6.3 Paper 3

In paper 3, we assessed the repeatability and agreement of corneal ETM in KC eyes
using three OCT instruments featuring different technologies: 1. SD-OCT combined with
Placido disk corneal topography (MS-39), 2. SS-OCT (Anterion), and 3. SD-OCT (Avanti).
Three consecutive measurements were acquired with the three devices in 60 KC eyes. The
mean epithelial thickness was calculated in the central 2 mm zone and 2-5- and 5-7 mm

diameter rings.

The repeatability (Sw) of the epithelial thickness for the central 2 mm zone was 0.91,
0.71, and 0.93 pm for MS-39, Anterion, and Avanti, respectively. All thicknesses with MS-39
were greater than Anterion's and Avanti's, with differences of 4.11 + 1.34 um (p<0.001) and
0.52 &+ 1.30 pm (p=0.003), respectively. The 95% LoA for the MS-39 and Anterion were
1.484 to 6.736 pum, for Avanti and MS-39 —3.068 to 2.028 um and for Avanti and Anterion

1.258 to 5.922 um.
36



6.4 Other results (not included in the papers)

Based on the data in Paper 1, Double Angle plots were made for visualizing TCA
measurements in 60 KC eyes. Figure 4 (A-D) shows the Double Angle plots of TCA for the
four devices. Figure 5 (A-F) shows Double Angle plots for the difference in astigmatism for

each pair of devices.

A Anterion B CasiaSS-1000
45° 45°
67.5° 22.5° 67.5° 22.5°
o
90° 0, 180° 90° 0, 180°
© o
112.5° 157.5° 112.5° 157.5°
Centroid 0.57D @ 103° + 2.36D Centroid 0.51D @ 103°+ 1.94D
Mean magnitude: 1.89D # 1.52D Mean magnitude: 1.52D + 1.31D
c I0LMaster700 D MS-39
45° 45°
67.5° 225 67.5° 225
90° 0, 180° 90° - 0, 180°
o
o
112.5° 157.5° 112.5° ° o 157.5°
135° 135°
Centroid : 0.29D@ 122°* 2.80D Centroid : 0.40D@ 126°+ 2.61D N =136
Mean magnitude: 2.15D + 1.80D Mean magnitude: 1.99D * 1.72D -
B centroid o 95% confidence ellipse of the centroid O 95% confidence ellipse of the Eachring= 2.00 D
dataset

Figure 4 Double-angle plots of the TCA measurements in KC eyes (n=136) using four measuring
devices: (A) Anterion, (B) Casia SS-1000, (C) IOLMaster 700, and (D) MS-39

(TCA = total corneal astigmatism; KC= keratoconus, The black squares represent the centroid, which
is the vectoral center of the dataset, the red circles represent the 95% confidence ellipse of the
centroid, and the blue circles represent the 95% confidence ellipse of the dataset.)
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B Difference vector in astigmatism E Difference vector in astigmatism
between Anterion and I0LMaster700 between Casia SS-1000 and MS-39
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67.5° - 225
o
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0, 180°
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Centroid :0.41D @ 81° +1.86D N=136 Centroid :0.11D @ 47° +1.86D N =136
Mean magnitude: 1.36D +1.32D Mean magnitude: 1.28D # 1.35D
B Centroid Each ring = 1.00 D M Centroid Each ring = 1.00 D
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Figure 5 Double-angle plots of the difference in TCA measured by (A) Anterion and Casia SS-1000,
(B) Anterion and IOLMaster 700, (C) Anterion and MS-39, (D) Casia SS-1000 and IOLMaster 700,

(E) Casia SS-1000 and MS-39, (F) IOLMaster 700 and MS-39
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(TCA = total corneal astigmatism,; The black squares represent the centroid, which is the vectoral
center of the dataset, the red circles represent the 95% confidence ellipse of the centroid, and the blue
circles represent the 95% confidence ellipse of the dataset.)

The centroid in each plot represents the vectoral center of the dataset. The double-
angle plots show the best agreement in results between Anterion and Casia SS-1000, with a
very similar 95% confidence ellipse of the dataset (Figure 4A and B) and the smallest 95%
confidence ellipse in the difference plot (Figure 5 A). Comparison between MS-39 and any of
the other three devices showed weaker agreement with a wider 95% confidence ellipse of the

difference (Figure 5 C, E and F).

Based on the data in Paper 3, we assessed the interchangeability between the devices-
tolerance index for agreement (TA). The TA for all pairs of devices was larger than our cutoff
of 0.24 for the sample size used in this study (Table 5), rendering the three devices not
interchangeable for ETMs in KC eyes.

Table 5 Tolerance index for agreement (TA) of ETM measurements for each device

Table 5. Tolerance index for agreement (TA) of ETM measurements for each device

TA=1n (95% LoA /1)

MS-39-Anterion Avanti - MS-39 Avanti - Anterion

(1) MS-39 (2) Anterion  (3) MS-39 (4) Avanti  (5) Anterion  (6) Avanti

Zone 0-2 mm

Central 1.43 1.61 1.12 1.03 1.36 1.09
Ring 2-5 mm

Nasal 1.20 1.16 1.27 0.92 1.13 0.81
Superior nasal 1.02 0.99 1.14 0.80 0.90 0.59
Superior 1.08 1.06 0.97 0.80 1.02 0.87
Superior temporal 1.07 1.19 0.80 0.86 1.08 1.02
Temporal 0.88 1.20 0.87 0.60 1.11 0.52
Inferior temporal 0.94 1.26 0.81 0.68 1.08 0.64
Inferior 0.93 1.18 0.88 0.75 1.22 0.84
Inferior nasal 1.09 1.21 0.88 0.56 1.16 0.72
Ring 5-7 mm

Nasal 1.35 1.39 0.91 0.70 1.34 1.09
Superior nasal 1.09 1.03 0.85 0.84 0.89 0.94
Superior 0.79 0.86 0.79 0.94 0.91 0.99
Superior temporal 1.08 1.00 0.89 0.81 1.02 1.02
Temporal 0.85 0.73 0.84 0.55 0.76 0.58
Inferior temporal 1.28 1.39 0.88 0.56 1.31 0.88
Inferior 1.20 0.73 1.06 1.06 0.76 1.23
Inferior nasal 1.72 1.32 1.04 1.13 1.27 1.76
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ETM = epithelial thickness mapping,; LoA= limits of agreement; Repeatability limit (r)= 2.77 X Sy, Sw=
Pooled within-subject standard deviation; (1): TA for replacing MS-39 by Anterion; (2): TA for
replacing Anterion by MS-39; (3): TA for replacing MS-39 by Avanti; (4): TA for replacing Avanti by
MS-39; (5): TA for replacing Anterion by Avanti; (6): TA for replacing Avanti by Anterion.
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7. Discussion
7.1 Total corneal astigmatism

The irregular corneal optics in keratoconus (KC) presents a challenge in achieving
precise measurements of the magnitude and axis of Total Corneal Astigmatism (TCA), while
the dominance of the posterior corneal surface optics in KC eyes amplifies the significance of
TCA compared to normal eyes. In paper 1, we assessed the repeatability of TCA
measurements within a cohort of KC eyes using four different devices, as detailed in Table 1.
To evaluate the variability between three consecutive measurements, we performed the

calculation of the pooled within-subject standard deviation (Sw).

In addition to the special need of the keratoconus population for high quality of
measurements of the TCA, ETM and AL, this population chosen for this study due to the
inherent difficulties in measurements of its corneal irregularities. Unlike normal corneas, the
KC cornea has more pronounced variations in curvature, particularly on the posterior surface,
as well as a great variation in its stromal and epithelial thickness. Assessing the repeatability
and agreement of TCA measurements in KC eyes is crucial for ensuring reliable data
important for clinical decisions. To better guide interventions such as CXL, intracorneal ring
segments, and toric intraocular lenses requires highly precise corneal and axial length
assessments. Finally, earlier studies®® reported worse repeatability in KC eyes compared with

virgin eyes, highlighting the need for dedicated research in this area.

Our paper found that while all four devices demonstrated acceptable repeatability and
agreement for TCA measurements, there were significant differences among them. The
Anterion and IOLMaster 700 exhibited superior repeatability for TCA magnitude and for the
components JO and J45 compared with the Casia SS-1000 and MS-39. The Anterion and
IOLMaster 700 also provided highly reliable AL measurements.

The study published in paper 1 revealed that the pooled within-subject standard
deviation (Sw) for the cylinder magnitude was 0.12 D for Anterion, 0.18 D for Casia SS-1000,

0.19 D for IOLMaster 700, and 0.23 D for MS-39. It is important to note that higher values of

Sw indicate poorer outcomes, signifying less consistent measurements. The Sy values for Jo
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and J4s were found to be <0.14 D and < 0.12 D, respectively. Among the four devices,
Anterion exhibited the most favorable repeatability in measuring the cylinder magnitude and
vector components. In normal eyes, previous studies®’! have shown that OCT-based devices
generally provide good repeatability and agreement for TCA measurements. In these studies,
Anterion had an Sy for TCA magnitude varying from 0.07 D to 0.13 D, and IOLMaster 700

had an Sy of 0.15 D. The relatively inferior repeatability observed in our paper was

anticipated due to the inclusion of KC corneas with irregular corneal optics. Gjerdrum et al.”?

evaluated the repeatability of Anterion and Casia SS-1000 in patients with hyperosmolar
(n=31) and normal (n=63) tear film, demonstrating Sy values for TCA varying from 0.15 D to
0.16 D for Anterion and from 0.18 D to 0.28 D for Casia SS-1000. However, KC eyes are
more challenging to measure due to their irregular corneal topography. Schiano-Lomoriello et
al.3 assessed the repeatability of MS-39 in KC eyes (n=44), yielding an S, of 0.55 D for TCA

magnitude, which is more than twice the Sw observed in our results.

Pifiero and colleagues®® reported pooled within-subject standard deviations (Sw) of
0.09 D for Jo and 0.07 D for Js4s in a study involving healthy eyes (n=35) utilizing the Cassini
system (i-Optics, The Hague, Netherlands, distributed by Ophthec). The Cassini system
employs 679 colored light-emitting diodes (LEDs) for the specular reflection to generate
topographic maps of the anterior corneal surface, but only seven additional infrared LEDs for
measuring the curvature of the posterior corneal surface. Their findings using the Cassini
system demonstrated superior repeatability compared to our results with the MS-39 (Sy: 0.14
D for Jo and 0.12 D for J4s5), and were similar to our findings with the Casia SS-1000 (Sw: 0.10
D for Jo and 0.10 D for J45) and IOLMaster 700 (Sw: 0.10 D for Jo and 0.09 D for Jss), but
inferior to our results with the Anterion (Sw: 0.07 D for Jo and 0.06 D for Js45). The limitation
of only 7 points representing the posterior corneal surface must be taken into account when

interpreting the Cassini results.

Table 6 Repeatability of TCA measurements reported by previous investigators

Table 6. Repeatability of TCA measurements reported by previous investigators
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Repeatability, Sw

Authors/ Year Eyes (n) Parameter Normal KC Areas  Instrument used
g . . . 0.0712 3-mm .
Tafia-Rivero P and colleagues (2021) Normal: 74 Cylinder magnitude 0.0558 p— Anterion SS- OCT
Schi L iello D and coll (2021) Normal: 96 Cylinder magnitude 0.13 3-mm
chiano-Lomoriello D and colleagues - - -
Normal: 25 Cylinder mair)ntude (>1D) 00(;51;4 i—mm Anterion SS- OCT
. -mm
Cheng SM and colleauges (2022) Normal: 101 45 0071 3 mm
Shajari and colleagues (2022) Normal: 93 Cylinder magnitude 0.14 3-mm IOLMaster 700
Normal: 32 0.155 3-mm )
i Hyperosmolar: 16 Cylinder magnitude 0.148 3-mm Anterion S8- OCT
Gjerdrum and colleagues (2020)
Normal: 62 0.282 3-mm Casia SS-1000
Hyperosmolar: 31 0.184 3-mm asta 5>
Schiano-Lomoriello and colleagues (2020) KC: 44 Cylinder magnitude 0.55 3-mm MS-39 SD- OCT
Cylinder magnitude 0.16 3-mm
Pifiero and colleagues (2019) Normal: 35 Jo 0.09 3-mm Cassini
J45 0.07 3-mm
Cylinder magnitude 0.12  3-mm
70 0.07 3-mm Anterion SS- OCT
J45 0.06  3-mm
Cylinder magnitude 0.18  3-mm
JO 0.1 3-mm Casia SS- 1000
The current paper 1 KC: 136 145 01 3-mm
Cylinder magnitude 0.19  3-mm
JO 0.1 3-mm IOLMaster 700
J45 0.09  3-mm
Cylinder magnitude 0.23  3-mm
JO 0.14 3-mm MS-39SD-OCT
J45 0.12  3-mm

TCA= total corneal astigmatism; Sw= Pooled within-subject standard deviation; KC= keratoconus;, SD= Spectral-domain; SS= Swept source;
OCT = optical coherence tomographer,; Uint. Diopter

So far, there are no publications about the repeatability of TCA axis measurements in

KC eyes with the current four devices. Paper 1 showed the best repeatability in Anterion with

Sw 4.26° and the worst in Casia SS-1000 with Sy, of 9.23°. de Luis Eguileor and colleagues’®

%5 found an Sy range from 7.70° to11.78° for the astigmatism axis in a Scheimpflug-based

tomographer, Pentacam HR (Oculus; Optikgeridte GmbH, Wetzlar, Germany), in KC eyes.
Their results were close to ours with Casia SS-1000 (Sw: 9.23°), IOLMaster 700 (Sw: 7.21°)

and MS-39 (Sy: 8.73°), while far worse than ours with Anterion. Kanellopoulos and

colleague®® reported in normal eyes, the greater the cylinder magnitude, the better the

repeatability of the axis with Cassini. We found the same trend in KC eyes. Pearson

correlation shows the TCA axis measurement repeatability improved with increasing TCA

magnitude in all four devices. In our paper, Anterion and Casia SS-1000 showed a moderate

correlation, while IOLMaster 700 and MS-39 showed a weak correlation. The low cylinder

measurements are generally more likely than the high cylinder to be influenced by general

43



noise in the readings, such as tear film surface irregularities®’, which can obscure the precise

detection of the axis.

In terms of the agreement in Total Corneal Astigmatism (TCA) measurements
between any pair of devices, most exhibited statistically significant variances in cylinder
magnitude. Specifically, the mean difference in cylinder magnitude between the Casia SS-
1000 and IOLMaster 700 was 0.631 D (p < 0.001). Conversely, the mean difference for the
remaining pairs did not surpass 0.50 D. It is noteworthy that a variance of 0.50 D in corneal
power estimation can lead to an error in intraocular lens (IOL) power calculations of less than
0.50 D at the corneal plane. Moreover, 0.50 D represents the minimum IOL power increment
offered by most manufacturers’®. Consequently, only the variance in cylinder magnitude
between the Casia SS-1000 and IOLMaster 700 holds clinical significance. The 95% LoA
ranges were broad for all device pairs, indicating poor statistical agreement, although the
variance in vector components was not statistically significant, except for Jo for [OLMaster

700 compared to Anterion and Anterion compared to MS-39.

TCA analysis revealed that the most favorable agreement in the mean magnitude of
astigmatism was observed between Anterion and Casia SS-1000, exhibiting a mean difference
0f 0.55 + 0.43 D and a notably similar 95% confidence ellipse of the dataset (Figure 5 A and
B). Conversely, the comparison between Casia SS-1000 and MS-39 (difference of 1.42 + 1.35
D), and between Anterion and MS-39 (difference of 1.36 + 1.32 D) demonstrated weaker
agreement (Figure 6 C and E). In comparing the IOLMaster 700 and MS-39, it was observed
that while the 95% confidence ellipse of the dataset was wide, the 95% confidence ellipse of
the centroid was relatively small, measuring 0.11 £ 1.86D @ 47° (Figure 6 F). This could
potentially be attributed to the very small differences in the centroid meridians (@122 vs.
@126) from both devices (Figure 5 C and D). These findings indicate that Anterion and Casia
SS-1000, both utilizing SS-OCT technology, are the most comparable devices, despite the
distinct methods employed for calculating total corneal power. Specifically, Casia SS-1000
utilizes a vectorial sum of the anterior and posterior surface with corneal thickness correction,

while Anterion employs ray-tracing ray-tracing.”® 1%°

The need for precision in corneal measurements for effective KC management
underscores the clinical relevance of our findings. The superior repeatability demonstrated by

the Anterion, and the good agreement in TCA between Anterion and Casia SS-1000, as well
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as the good agreement in AL between Anterion and IOLMaster 700 suggest that these devices
are particularly well-suited for the KC population and will provide clinicians with more
reliable data for clinical decision-making. Additionally, the differences observed between
devices highlight the importance of understanding each device's capabilities and limitations.

Clinicians should consider these factors when choosing diagnostic tools.

In practical terms, the use of devices with high repeatability and agreement for TCA
and AL measurements can lead to better management with better treatment outcomes for KC
patients. Accurate TCA measurements are critical for determining the correct power and
alignment of toric IOLs, which can significantly improve postoperative visual acuity in lens
exchange surgery in KC eyes. Similarly, reliable AL measurements are also essential for
selecting the appropriate lens power. Moreover, understanding the clinical implications of

measurement variability can help in developing standardized protocols for KC management.

7.2 Epithelial thickness

In the current project, we evaluated the repeatability of Epithelial Thickness Mapping
(ETM) measurements using the Anterion SS-OCT and its agreement with the Avanti SD-
OCT in healthy virgin, PLRS, and keratoconic eyes (published in paper 2). Additionally, we
compared the repeatability and agreement between the MS-39 SD-OCT, Anterion SS-OCT,
and Avanti SD-OCT (published in paper 3). The evaluation of ETM is crucial for early

detection and management of KC, as well as for planning and monitoring refractive surgery.

In paper 2, we observed that the repeatability of the Heidelberg Anterion SS-OCT in
the three cohorts of eyes (virgin, PLRS, and KC) was very good, surpassing that of the
commonly utilized SD-OCT, the Avanti. Furthermore, the Anterion's measurements of the
mean epithelial thickness in all three cohorts of eyes were lower than those obtained using the
Avanti. In paper 3, we conducted the first investigation of the ETM obtained by the MS-39
hybrid device, which is based on SD-OCT corneal topography/tomography and Placido disk
anterior surface corneal topography. The "12 x 5 @ 10 mm" averaged mode was employed.
We compared the instrument’s repeatability with the SS-OCT-based Anterion and the SD-
OCT-based Avanti in a cohort of 60 KC eyes. In addition to assessing the repeatability and
agreement in our published article, we also analyzed the interchangeability between the

devices in measuring ETM. Although all three devices exhibited high repeatability of the
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ETM measurements, the concordance between the devices was low and did not meet the
interchangeability criteria. The repeatability (Sw) in the central 2 mm zone and 2-5 mm ring
was optimal for the Anterion (0.71 and 0.91 um), followed by the MS-39 (0.91 and 1.06 um)
and the Avanti (0.93 and 1.28 um).

Repeatable measurements of corneal epithelial thickness play a crucial role in the

C,26:3%:46. 101 and are equally vital in corneal refractive

diagnosis and management of K
surgery. The initial ETM conducted by Reinstein and colleagues using the Artemis VHF
digital ultrasound in 1994 demonstrated a within-subject standard deviation (Sw) of 0.58 pm
at the corneal vertex and 0.43-1.36 um in 90% of locations within the central 6-mm diameter
after five consecutive measurements of ten eyes of 10 patients one year after LASIK. Notably,
the Sw of Artemis in PLRS eyes within the 7 mm diameter was comparable to our findings
with Anterion (0.60-1.36 pum) but superior to our measurements with Avanti (0.75-1.96 pm).
However, it is essential to consider repeatability in the context of the device's measurement
resolution; VHF digital ultrasound can measure epithelial thickness with a resolution of less
than 1 pum, whereas OCT devices have a resolution closer to ~5 um for Avanti and ~8 pm for

Anterion. Therefore, while repeatability may be similar, it is reasonable to anticipate that the

accuracy of OCT devices might be lower than that of VHF digital ultrasound.

Introduced 17 years after the Artemis, the SD-OCT Optovue RT-100 has
demonstrated good repeatability and reproducibility of ETM in both normal and abnormal
eyes, including those with dry eye syndrome, contact lens wear, post-laser refractive surgery,
and KC.*1-102.193 Taple 7 presents the repeatability of ETM measurements as reported by
previous researchers. In virgin eyes, the ETM measured by SD-OCT Optovue RT-100
showed similar results to those obtained with the Anterion (Sw: 0.64, 1.01 um), but lower than
those obtained with the Avanti (Sw: 0.98, 1.14 um) for the central 2 mm zone and the outer 5-
7 mm ring. Sedaghat and colleagues calculated the repeatability of ETM with the Avanti
before and after PRK and found a Sy of 1.73 um preoperatively and 4.50 um six months
postoperatively.'® Within the 7 mm zone, our data in paper 2 showed a lower Sy, than that
reported by Sedaghat in our PLRS eyes obtained with both the Anterion (Sw: 0.60, 1.36 pm)
and the Avanti (Sw: 0.75, 1.96 um). Even when including all eyes in paper 2, our data
indicated that the Sy, of the Avanti (1.34 um) was lower than that reported by Sedaghat and
colleagues (1.73 pm). Lu and colleagues'® measured ETM with Optovue Avanti SD-OCT,
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showing Sy: (1.31, 2.43) um in mild KC eyes and Sy: (1.90, 3.89) um in advanced KC eyes.

In contrast, the current paper 3 found better repeatability of ETM measured with Avanti, Sw:

(0.75, 1.68) um, and Anterion, Sw: (0.71, 1.59) um in 60 KC eyes. These results were

consistent with the repeatability reported in paper 2 for Avanti, Sw: (0.75, 1.96) um, and

Anterion, Sw: (0.60, 1.36) pm in KC eyes.® Vega-Estrada and colleagues, using the MS 39

SD-OCT”, found an Sy of 1.24 pm in virgin eyes and an Sy of 2.03 um in KC eyes, while

paper 2 found an Sy of 0.64 um in virgin eyes and an Sy, of 0.98 um in KC eyes with the

Anterion and an Sy, of 1.18 pm in virgin eyes and an Sy of 1.37 um in KC eyes with the

Avanti. Schiano-Lomoriello and colleagues®® reported an Sy of 1.57 pm in KC eyes with the

MS-39. Paper 3 showed better repeatability with MS-39 with an Sy, 0of 0.91 um in the central

2 mm zone, and Sy ranges (0.53, 1.62) um in the 2-5 mm and (0.73, 1.79) um in the 5-7 mm

ring, which were better than the results from the two mentioned studies.

Table 7 Repeatability of ETM measurements reported by previous investigators

Table 7. Repeatability of ETM measurements reported by previous investigators

Repeatability, S,

Authors/ Year Eyes (n) Normal PLRS KC Areas Instrument used
Reinstein and KC: 10 0.58 vertex Very-high frequency
colleagues (2010) ) 0.43-1.36 central 6 mm ultrasound
Ma and colleagues Normal: 35 0.7 0.7 central 2 mm
(2013) PLRS: 45 0.6-0.9 0.8-1.7 2-5 mm

) 0.8-1.2 1.4-2.2 5-6 mm Optovue RT-100 SD-
Sella and colleagues Normal: 12 0.9 1.2 central 2 mm OCT
(2019) PLRS: 48 0.9-1.3 1.3-1.5 2-5 mm
) 1.0-1.4 1.5-1.9 5-6 mm
Normal: 75 0.89 1.35-2.34 1.41-2.42 central 2 mm
Lu and colleagues - 0.99-1.24 1.2-3.56 1.36-3.89 2-5 mm .
(2019) PI}?S%M 1126 142-3.04  131-3.83 s7mm  Optovue Avanti SD-OCT
' 0.92-1.62 1.57-2.94 1.02-4.01 7-9 mm
Savini and colleagues Normal: 96 0.99 1.84 central 3 mm
(2018) PLRS: 43 1.06-1.57  1.50-2.10 3-6 mm
2.03 1.24 central 3 mm
zgeng:angsa?;OT;‘; NI‘;“Cn_%gO 0.84-1.18 1.16-1.69 3-6 mm MS-39 SD OCT
g ‘ 0.99-2.72 1.42-2.70 6-8 mm
Schiano-Lomoriello and i
colleagues (2020) KC: 43 1.57 central 3 mm
0.98 0.75 1.15 central 2 mm
N - 90 1.08-1.19  1.07-1.49 1.17-1.52 2-5 mm Optovue Avanti SD-OCT
ormat. 0.94-127 170240  1.29-1.72 5-7 mm
The current paper 2 PLRS: 46
KC:122 0.64 0.6 0.91 central 2 mm
’ 0.69-0.89  0.79-0.96 0.91-1.09 2-5 mm Anterion SS- OCT
0.86-1.11 1.07-2.05 1.10-1.47 5-7 mm
0.93 central 2 mm .
The current paper 3 KC: 60 1 04-1.68 -5 mm Optovue Avanti SD-OCT
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0.75-1.79 5-7 mm

0.71 central 2 mm
0.81-0.98 2-5 mm Anterion SS- OCT
0.86-1.59 5-7 mm

0.91 central 2 mm
0.53-1.62 2-5 mm MS-39 SD OCT
0.73-1.79 5-7 mm

ETM= epithelial thickness mapping; S.= Pooled within-subject standard deviation;, PLRS= post-laser refractive surgery;
KC= keratoconus, SD= Spectral-domain; SS= Swept source; OCT = optical coherence tomographer; Unit: um

Reinstein and colleagues, utilizing very high-frequency ultrasound** 1% 197 reported a
central epithelial thickness of 53.4 + 4.6 um in virgin eyes'% and 45.7 + 5.9 um in eyes with
KC*®. These measurements excluded the pre-corneal tear film thickness. In contrast, our
measurements of the central epithelial thickness in virgin eyes with the Avanti, which include
the tear film'%, showed 55.60 + 3.26 um, while the Anterion exhibited 51.59 + 3.27 pm. The
manufacturer of the Anterion has not provided definitive information regarding the inclusion
of the tear film. In both virgin and PLRS eyes, both the Avanti and Anterion measured a thicker
epithelium inferiorly than superiorly, consistent with findings from other researchers.*> 14 103,
199 Tn KC eyes, both devices measured a thinner epithelium inferiorly than superiorly, with the
differences in thickness between the superior and inferior sections being more pronounced than
in the other two groups of eyes. Additionally, in KC eyes, the thinnest part of the epithelium,
as measured by both devices, was located in the inferior temporal section within the 2-5 mm

ring, aligning with the findings of other researchers.*!

In paper 2, a significant difference in mean epithelial thickness was observed between
the Anterion and the Avanti across all sections in all three groups of eyes, with the Avanti
exhibiting a thickness 3.74 + 2.33 um greater than the Anterion (p < 0.001). In paper 3, the
epithelium of keratoconic eyes measured by the MS-39 was notably thicker than that
measured by the Anterion (4.11 + 1.34 um, p <0.001), and slightly thicker than the Avanti
(0.52 £ 1.30 um, p <0.001). Furthermore, the epithelial measurements obtained with the
Anterion were significantly thinner than those obtained with the Avanti (3.59 = 1.19 um, p <
0.001). The agreement between the Anterion and Avanti was consistent with the results in
paper 2.35 Additionally, we assessed the agreement in 17 sections of the ETM, revealing the
differences in measured thicknesses between the Anterion and Avanti in the three groups of
eyes. Our findings demonstrated a close correlation in the thickness distribution between the
devices, resulting in similar recognizable ETM patterns that are crucial for diagnosing
pathological conditions in clinical practice. However, in keratoconus screening, where
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measurements need to be precise within a few microns, understanding the precise difference

between the two devices is essential if their interchangeability is being considered.

7.2.1 Mechanisms of Epithelial Remodeling

The corneal epithelium plays an active role in determining the final power of the
cornea. As mentioned in the introduction, it accounts for an average of -1.03 D of the power
in the central 2-mm diameter zone,*? and it does not form a uniform layer but varies in
thickness to smoothen the effect of the irregularities in the underlying stromal surface. This
phenomenon is known as epithelial remodeling.?® The process of epithelial remodeling
follows the four rules mentioned in the introduction section “4.1.2 The Cornea”. The
remodeling process is leading to regularizing the corneal refractive properties.''% ! In
extreme cases, a sharp spike on the stroma would be totally compensated by the epithelial
remodeling, while very gradual stromal irregularities would not be compensated at all and
would appear unchanged on the anterior corneal surface. Figure 6 is showing how the
underlying stroma decides the compensatory capacity of the epithelial remodeling. Generally,
the epithelium regularizes the corneal refractive properties leading to less total corneal
astigmatism, less prolate total corneal asphericity, and fewer total corneal high-order

aberrations,'!% 1!

compared to the same parameters measured on the stromal surface.
Knowing the epithelial thickness profile will therefore benefit corneal refractive surgery
planning.''?

gradual stromal
irregularities

spike divot

epithelium stroma epithelium

stroma

Figure 6 Epithelial remodeling as a function of rate of change of stromal curvature.

A: Sharp spikes and divots on top of the stroma are totally compensated by the epithelial remodeling.
B: Gradual stromal irregularities are not compensated for at all and appear unchanged at surface

7.2.2 Diagnostic Value of Epithelial Thickness Patterns
Our paper’s findings have potentially significant implications for the early diagnosis

of corneal ectasia and its differentiation from the curvature profiles caused by the epithelial
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changes that may simulate keratoconus. The epithelial remodeling in KC results in a
characteristic donut-shaped epithelial thickness pattern, which is a typical diagnostic sign of
KC. In contrast, inferior corneal epithelium thickening causing the inferior steepening of the
anterior corneal surface differentiates contact lens warpage, dry eye, corneal dystrophy and
other conditions that lead to inferior epithelial hypertrophy from keratoconus. Hence, the
epithelial thickening over an area of topographic steepening indicates that the steepening is
not caused by an ectatic surface beneath, but rather represents "pseudo-ectasia". Such insights
are crucial in clinical ophthalmology, refractive cataract, and corneal laser vision surgery,
making the high quality ETM a significant contribution. Specifically, in PLRS and KC
(presented in Paper 2, Figure C and D), epithelium thickens in areas where the stromal tissue
has been removed by excimer laser or flattened by CXL, and thins over the untouched regions
that became relatively elevated,?® 2’ after the treatment. ETM in such cases represents an
invaluable source of information about the effect of the previous surgery, identifying the
reason for over/under correction, or visual disturbances due to decentration of the LVC, or the

effect/lack of effect of CXL in KC eyes.

7.2.3 Role of ETM in Evaluation of KC Progression before and after CXL

Even a minor epithelial thinning localized over the highest point of the posterior
surface and stroma may reveal subclinical changes indicative of KC, not shown yet on the
anterior surface elevation or curvature maps. This is vital for timely intervention and
management to prevent progression to more severe stages. The presence of progressive
epithelial thinning over the cone during a follow-up of initially diagnosed KC will help make
a correct decision about the indication for CXL. Likewise, the follow-up of the epithelial
thickness over the cone after the CXL will give us a clear sign of the surgical success.
Keratoconus stabilization characterized by an increase of the epithelial thickness over the
cone, compared to preoperative, will indicate surgical success, while continuous thinning will

mean an insufficient effect of the surgery.

7.2.4 Role of ETM in Surgical Planning and Follow-up in Therapeutic- and

Elective Laser Refractive Surgery

Given that certain topographic patterns are associated with a higher risk of ectasia,
their interpretation may be difficult and may vary depending on the clinician's experience,

impacting the inclusion/exclusion criteria in corneal refractive surgery. Integrating epithelial
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maps into routine screening for refractive surgery candidacy reduces the risk of missing the
diagnosis of early KC, and consequently the development of postoperative ectasia.
Understanding and measuring the corneal epithelial profile assists in decision-making and
planning therapeutic corneal surgeries, with respect to the choice of the type of laser
procedure to be used. Compensatory epithelial modifications, i.e., its remodeling will
negatively affect the outcome of the topography-guided (TG) ablations (programmed
according to the anterior surface topography) if they are not performed transepithelially. the
true stromal irregularity is partially masked by the smoothing effect of the epithelium?? and
will not show on the anterior corneal topography. However, it will become manifest if the
epithelium is totally removed mechanically or by use of alcohol. Hence, using TG treatments
after mechanical or alcohol epithelial removal will only partially regularize the corneal
surface. Performing transepithelial phototherapeutic keratectomy (PTK, lamellar ablation),
programmed to the depth of the thickest point on ETM, before the TG ablation, will however
remove the epithelium along with the protruding peaks of the irregular stroma, and that way
the TG ablation will result in regularized stromal surface (Figure 7, reproduced with the

permission of the authors).'!?

Corneal epithelium

. Stroma
) X

Irregular cornea-preoperative

Type 1 Type 2 Type 3 Type 4
B v Uy & Yy o Yy ” Yy
Mechanical epithelial removal PTK ablation PTK ablation Mechanical epithelial removal
c /Cj\\\ m M
Deepithelialized cornea Partially regularized cornea Deepithelialized cornea
D ” > - N /_\mm\
Anterior lopog.raphy—gmded Anterior topography-guided Stromal topography-guided
ablation ablation ablation
o ATEON AN AN, AN
Significant irregularity rest Partially regularized cornea Regularized cornea Regularized cornea

Figure 7 Schematic illustration of four surface ablation treatment types in the treatment of irregular
corneas

Row A: Preoperative corneal bulging; Row B: Mechanical epithelial removal in types 1 and 4, and
PTK ablation of the epithelium and the protruding stroma within the lamellar ablation in types 2 and
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3. Row C: Stromal surface outlined in red after epithelial removal in types 1, 3 and 4, Row D:
Ablation profiles of anterior topography-guided PRK used in types 1 and 3 and stromal topography-
guided PRK used in type 4, Row E: Stromal surface outlined in red after completed treatment with the

four types.
Type 1: Conventional anterior topography-guided PRK; Type 2: Trans-epithelial PTK; Type 3: Trans-
epithelial topography-guided PRK; Type 4: Stromal topography-guided PRK; PTK= photo-
therapeutic keratectomy, PRK= photorefractive keratectomy

For post-refractive surgery eyes, ETM provides valuable information for monitoring
of the healing process and early detection of complications. Central epithelial thickening after
myopic treatment is expected because of the epithelial remodeling, and is including in the
ablation nomogram,'!* but if it is excessive it will lead to regression of the treatment. In
hyperopia treatments, epithelial thickening is expected to happen in the mid- periphery in the
ablation area, but a central epithelial thinning over the steepened area will show regression if
the epithelium has reached its compensatory capacity, a phenomenon known as “apical

syndrome”, which may result in recurrent corneal erosions.'!>

7.2.5 Technological Considerations and Measurement Variability

The tear film can introduce measurement variability, especially in cases of dry eyes.
Although each device's protocol includes having patients blink before measurement to
standardize the tear film, minor inconsistencies may still influence the results,®’ which will
be discussed in the discussion section “7.5.3 Tear Film Influence”. The MS-39, Anterion, and
Avanti use their own proprietary methods for their respective segmentation algorithms. The
question arises as to whether the tear film is included in ETM measurements. Corneal
epithelial thickness measured by very high-frequency ultrasound excludes the pre-corneal tear
film thickness.*> 19197 The MS-39 measures the distance between the tear film layer and
Bowman's layer claimed by the manufacturer. According to Heidelberg Engineering, the
segmentation used in Anterion is "looking for the highest intensity of the anterior surface,
which can provide the ability to reliably find the underlying structure in a repeatable way"
(Sandro Gunkel, Heidelberg Engineering, personal communication, November 19, 2021).%°
Since the axial resolution of the Anterion is limited to ~8 um, the tear film probably cannot be
imaged/resolved, and that is possibly why it is uncertain whether the tear film is included in
the Anterion's OCT measurements. The Avanti has an axial resolution of ~5 pm and the
manufacturer claims that its ETM measurements include the tear film.!** !¢ The impact of

including or excluding the tear film in ETM measurements is currently unclear. Future studies
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should consider assessing the impact of tear film variability on epithelial thickness
measurements, by comparing measurements performed using a technology that definitely
includes the tear film (SD-OCT, Avanti) and with a technology that definitely excludes the
tear film (VHF ultra-sound, Artemis).

In this project, all three OCT devices use fourier domain detection, utilizing
proprietary software, but feature different imaging and technical solutions to enhance the
axial and lateral resolution. The software integrates advanced imaging algorithms to refine the
raw data collected by the OCT systems, producing high-resolution images for accurate
epithelial thickness measurements. For example, Anterion uses a tunable swept laser light
source (center wavelength of 1300 nm),!'”- 18 the Avanti and MS-39 use a broadband near-
infrared SLed as their light source (center wavelength of 840 nm and 845 nm, respectively).
This results in different axial and transversal resolutions (3.6 x 35 um for MS-39, 10 x 45 uym
for Anterion, and 5 x 15 um for Avanti), which presumably leads to different performances.
Both SS- and SD-OCT technologies record an interference spectrum that carries the
information of the sample, but SS-OCT features a light source that sweeps the wavelength in
time, while SD-OCT uses a spectrometer for wavelength separation. SS-OCT imaging
features a denser scan pattern, due to its higher acquisition speed, as well as a greater scan
depth, due to the use of a longer wavelength and reduced sensitivity roll-off. Hence, SS-OCT
may quickly acquire the images of the whole anterior segment,'!” while SD-OCT provides

higher contrast and resolution within a shorter depth range.

The proprietary software of each device plays a significant role in optimizing image
resolution and accuracy. For instance, the Anterion SS-OCT’s software enhances the signal-
to-noise ratio, providing clearer delineation of the epithelial layer. Similarly, the Avanti SD-
OCT's software incorporates algorithms that correct motion artifacts and enhance lateral
resolution. The MS-39’s software combines the Placido-based corneal topography with data
obtained by SD-OCT scanning. The CSO designers deemed it necessary to equip their SD-
OCT device with a Placido disc, which detects ring edges and provides high-quality native
curvature data, to achieve the best possible resolution of the curvature of the anterior surface,
with the height calculated as secondary data, using the arc-step method. The final anterior
corneal surface elevation profile of the MS-39 is derived by merging the secondary data from

the Placido imaging and the native SD-OCT data, whereas the posterior cornea data is
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provided solely from the SD-OCT. At the same time, the combination of curvature data with
native elevation data from the SD-OCT for the anterior surface may be subject to cumulative

errors inherent to the arc-step.

In contrast to the other two devices, the Anterion features real-time eye-tracking
during the acquisition of multiple B-scans, which allows precise alignment and enhanced
detailed imaging.®! We assume that 65 radial scans used by the Anterion versus the 12 radial
scans used by the MS-39 and 8 radial scans used by the Avanti (both repeated five times for
each meridian), as well as the Anterion's eye-tracking ability, are the likely factors explaining
the better repeatability with the Anterion. We hypothesize that the repeated, wider-spread
radial scans used by the MS-39 and the Avanti do not provide as dense coverage as the
Anterion provides. For a given cornea, it appears that multiple factors may influence the
repeatability of a device, such as axial resolution, image contrast, penetration rate, tracking,
scanning speed, and scanning density. The mentioned technological differences among the
devices may contribute to the variations in the measured epithelial thickness profiles. So, just
by looking at the technical specifications, one cannot decide which device is superior, which

emphasizes the importance of clinical evaluations.

Our findings indicate that the measurements obtained by the Anterion SS-OCT and
SD-OCT MS-39 and Avanti devices are not interchangeable without compensatory
adjustment. This discrepancy underscores the importance of using the same OCT device for
both longitudinal studies and clinical follow-ups to ensure consistency and reliability.
However, it seems that the mentioned devices may be conditionally interchangeable if a linear
correction (e.g., 4 um) is included, since the Anterion gave consistently thinner epithelium
compared to the MS-39 and Avanti with a mean difference within the central 2-mm zone,
(3.58 pm and 4.11 pm, respectively).®> 1% A detailed understanding of these technological
differences and their impact on measurement accuracy is essential for clinicians and

researchers when interpreting OCT data and making informed clinical decisions.

7.3 Lens exchange surgery

Lens exchange surgery, which includes procedures such as cataract surgery, refractive
lens exchange surgery, or clear lens extraction, involves removing the natural crystalline lens,

which is then replaced with an IOL. This procedure presents unique considerations for
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individuals with corneal issues, as the challenge of obtaining precise corneal measurements-
vital for accurate IOL calculation-becomes a noteworthy aspect that may potentially influence

total corneal astigmatism and overall surgical outcomes.

Several studies!?*!?? have provided comprehensive insights into calculating IOL
power, particularly focusing on which keratometry value (SimK or TCP) to be incorporated
into IOL power calculation formulas. The SimK, based solely on anterior corneal
measurements, has been used to assess the corneal optics in most traditional IOL
calculations®®, even though lack of data from the posterior cornea has been identified as the
most important source of error in toric IOL calculations®¢. Notably, determining the
keratometry power poses the most significant challenge, as relying solely on anterior
keratometry with a refractive index of 1.3375 typically overestimates the corneal power in
keratoconic eyes, potentially resulting in postoperative hyperopia!?*1?°, Indeed, a study
showed that an IOL formula, using direct measurements of both anterior and posterior corneal
power, had a higher predictive accuracy for spherical equivalent refractive outcome in LVC
cataract surgery, than the regression-based formulas based on the SimK*. The use of TCP has
been suggested to yield improved outcomes; however, there is no consensus on the specific
corneal location for this measurement in keratoconus eyes, with some advocating for a central

location and others favoring more peripheral sites!2% 127128,

Our study (Paper 1) focuses on the TCA measurements on keratoconic eyes, where the
typical anterior/posterior ratios observed in regular eyes may not be applicable. Given the
significant differences in both TCA magnitude and meridian for KC eyes among devices
utilizing different technologies, spherical IOLs may be more suitable for KC patients with
cataracts. Using the ray-tracing type IOL-calculation, used in formulas, such as Okulix'?’and
Olsen'? that involve the exact Snell's law and ray-tracing calculated TCA, not relying on any
assumptions in the calculation, may be beneficial. For more accurate IOL power calculation
and astigmatism correction in keratoconic eyes, it is essential to employ keratoconus-specific
formulas. In addition to ray-tracing-based formulas, non-ray tracing formulas including the
Barrett True-K for keratoconus, the Kane formula for keratoconus, the Holladay II
keratoconus mode, the Toric Barrett True-K (for toric IOL), utilizing keratometry

measurements. Notable options utilizing TCP including the Barrett True-K keratoconus
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formula with total K (TK) for all severities of KC and Emmetropia Verifying Optical (EVO)

formula with TK or K in eyes with non-severe disease (K < 50.00 D)!22.

The SRK/T (T for theoretical) formula, representing a combination of linear
regression method with a theoretical eye model'*!, has been shown to yield superior outcomes
compared to other third-generation formulas and even a fourth-generation formula, such as
the Barrett Universal I1.'?* Alternatively, custom-designed toric IOLs may be necessary to
address corneal and lenticular astigmatism. Some studies'*?"!3* have advocated for the use of a
fairly new IOL, the IC-8 (Acufocus Inc., Irvine, California, USA), which incorporates a
pinhole, to enhance visual acuity in patients with irregular corneas and HOAs that cannot be
treated with customized refractive surgery. These specialized formulas take into account the
unique corneal characteristics associated with keratoconus, providing more accurate and

tailored results for IOL power and astigmatism correction.

As observed in paper 1, the difference in AL measurements between Anterion and
IOLMaster 700 was statistically significant (0.015 £+ 0.033 mm). However, since a variation
in AL measurement of 0.015 mm would be clinically irrelevant and would produce a very
negligible difference (less than 0.1 D) in postoperative refractive errors, the AL measured by

135 However, the

the two instruments may be used interchangeably for IOL power calculation
significant discrepancies in TCA measurements for KC eyes among different technologies
(Paper 1), may have a critical impact on toric correction procedures at the IOL plane. The
variations observed underscore the importance of careful consideration in clinical decision-
making, suggesting that a consistent use of the same device is necessary for accurate and
reliable monitoring of keratoconus progression. Moreover, a personalized, device-specific A-

constants to minimize systematic prediction errors.

Despite careful planning, residual astigmatism may persist after lens exchange surgery
in keratoconus patients. Addressing this residual astigmatism may require additional surgical
procedures, such as astigmatic keratotomy, laser vision correction (e.g., PRK), and even CXL.
These interventions should be approached cautiously, as the compromised corneal structure in

keratoconus can increase the susceptibility to complications.
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7.4 Laser vision correction surgery

In individuals with a history of laser vision correction, the corneal epithelium can
undergo significant changes due to epithelial remodeling, as evidenced in paper 2 and paper 3.
These variations in epithelial thickness post-surgery can significantly impact refractive
outcomes and may contribute to suboptimal results. Accurate Epithelial Thickness Mapping
(ETM) measurement is also crucial in planning therapeutic laser surgery for keratoconus and
irregular corneal optics in general. Besides ETM, Total Corneal Astigmatism (TCA) remains
a critical consideration in addressing post-surgical astigmatism, significant coma or coma-like
Higher Order Aberrations (HOAs). Zhou and coleagues'® investigated the astigmatism
correction strategy, suggesting that topography-guided custom ablation aiming to correct
TCA independent of manifest refractive cylinder (MRC) is preferable in cases with significant
coma or coma-like HOAs and low estimated lenticular astigmatism. Conversely, in lenticular
exchange surgery, the toric IOL cylinder, which aims to correct MRC, appears to be more

suitable.

Patients with a history of LASIK are at an increased risk of developing post-LASIK
ectasia. Precise preoperative assessment and monitoring of corneal thickness and ETM are
essential to minimize the risk of ectasia in these individuals. Our findings in paper 2 and
paper 3 revealed discrepancies in ETM repeatability and agreement among different devices
(Avant, Anterion, and MS-39). This underscores the importance of understanding the precise
differences between the devices before making surgical decisions, especially considering they

are interchangeability.

7.5 Limitations

7.5.1 Sample Size and Diversity

While the thesis included a significant number of participants, the diversity of the
sample could have been greater. A more diverse sample in terms of age, ethnicity, and
severity of keratoconus would potentially provide a more comprehensive understanding of

TCA and ETM across different demographic groups.

7.5.2 Device Variability
This study used multiple OCT devices, each with different imaging protocols. This
variability may have introduced challenges in ensuring consistency and comparability of
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measurements across devices. Although efforts were made to standardize the measurement

procedures as much as possible, minor discrepancies might have influenced the results.

7.5.3 Tear Film Influence

As mentioned in the section “7.2.5 Technological Considerations and Measurement
Variability”, the manufacturers of the three devices had a different approach concerning the
tear film inclusion in their measurements. In addition, the variability in tear film thickness of
the same eye at different measuring times exists and the eyes with increased or decreased tear
production could affect the accuracy of ETM. Further research should investigate the impact
of tear film on epithelial thickness measurements and explore methods to control or account

for this variability.

7.5.4 Observer Variability

Although all measurements were acquired by one experienced examiner and all the
measurements for each patient were performed within half an hour to minimize variability,
some degree of variability is inevitable in clinical studies. Improving automated measurement
techniques could reduce observer variability, increasing measurement reliability and should

be encouraged.

7.6 Reflections on Initial Protocol and Study Design

The initial protocol served as the foundational blueprint for the study, outlining key
objectives, methodologies, and anticipated outcomes. As the study progressed, we chose to

adjust the following aspect of the protocol.

The initial protocol was aimed to identify the clinically most suitable technology among
several currently available corneal imaging devices for various diagnostic and surgical tasks
relevant to cataract and therapeutic cornea surgery. This led to the hypothesis that “Modern
infra-red-light OCT imaging technology is clinically applicable in measurement of TCA in
modern cataract and refractive surgery in virgin eyes and eyes with keratoconus”. For testing
this hypothesis, we chose to exclude virgin eyes and focus solely on eyes with keratoconus,
where different technological approaches might yield different measurement quality.
Including virgin eyes would, in the authors’ opinion, dilute the focus of the study. Moreover,
the testing of virgin eyes, which has already been extensively reported in the literature, makes

our study more impactful by concentrating on the less frequently examined keratoconus
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population. Excluding virgin eyes to focus on keratoconus (KC) in the TCA study (Paper 1)
ensured focus, however, it excluded comparative insights from a wider population and the

understanding of device performance across different conditions.

7.7 Ethics

All studies were conducted in accordance with the principles of the Declaration of
Helsinki. The examinations mentioned in this project are standard routine procedures at the
clinic. Approvals from The Regional Ethics Committee (REK) were obtained for the
prospective study, and the use of data for retrospective studies was reported to the Norwegian
Data Protection Authority (reference number: 311856 and 72084). Informed consent for the

anonymous use of data for analysis and publication was obtained from all study participants.

8. Conclusions

The success of lens exchange surgery and laser vision correction surgery hinges on
precise measurements and thorough consideration of various factors to achieve optimal
outcomes. This study specifically focused on Total Corneal Astigmatism (TCA), Epithelial
Thickness Mapping (ETM), and Axial Length (AL) measurements, which are critical for

accurate intraocular lens (IOL) selection and predictable refractive surgery outcomes.

Recent technological advancements, as exemplified by the five devices investigated in
this study, have increased the anticipated quality of refractive outcomes in contemporary
cataract and refractive surgery. Our investigation revealed that four devices (Anterion, MS-
39, Casia SS-1000, and IOLMaster 700) demonstrated good repeatability in measuring TCA
in eyes with KC, with Anterion exhibiting the highest repeatability. However, disparities in
fundamental technology among the devices led to low agreement in their measurements.
Therefore, it is important to note that SS-OCT-based devices should not be used
interchangeably with hybrid technologies. In contrast, for AL measurements, both Anterion
and IOLMaster 700, which utilize SS-OCT technology, demonstrated good repeatability and

clinical agreement, suggesting their interchangeability.

Accurate IOL power calculation is crucial for achieving optimal refractive outcomes,
especially in KC and PLRS eyes. Standard formulas like SRK/T and Barrett Universal II are

generally accurate for virgin eyes, but the traditional IOL calculations using only anterior
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keratometry that includes a compensation for the posterior corneal power, often overestimate
corneal power in keratoconic eyes, leading to postoperative hyperopia. Specialized formulas
such as ray-tracing-based formulas incorporating total corneal power measurements and
Barrett True-K for keratoconus (when based on measured instead of estimated posterior

cornea) improve predictive accuracy of the refractive outcomes in KC eyes.

Our findings indicate that Anterion showed superior repeatability in ETM
measurements compared to Avanti and MS-39. Similar to TCA measurements, ETM
measurements showed low agreement and interchangeability among devices. In areas where
tissue has been removed or the curvature has been flattened like PLRS and post CXL eyes,
the ETM will show characteristic patterns that contrast with those seen in eyes without prior
surgical intervention, highlighting significant variations in epithelial remodeling across
different conditions. Recognizing the distinct ETM patterns in virgin, KC, and PLRS eyes is
vital for accurate diagnosis and tailored treatment planning. Different devices, using varied
technologies, may present these patterns differently, underscoring the importance of
understanding the specific characteristics and limitations of each device, which is essential for

clinicians when interpreting results and planning surgical interventions.

In conclusion, it is essential to understand the limitations and differences among
devices for accurate interpretation of results. Consistent use of the same device for pre- and
postoperative measurements is vital for reliable monitoring of keratoconus progression and
PLRS outcomes. Collaboration between corneal and cataract surgeons is imperative in
complex cases, ensuring tailored approaches based on the specific characteristics of each

device and the patient's conditions.
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Abstract

Background: To evaluate repeatability and agreement in measurements of
total corneal astigmatism (TCA) in keratoconic eyes, using four optical coher-
ence tomography (OCT)-based devices: Anterion, Casia SS-1000, IOLMaster
700, and MS-39.

Methods: Three consecutive measurements were taken with each device in
136 eyes. TCA values were converted into components J; and J,5. The Anterion
and the IOLMaster 700 also provided axial length (AL) measurements. The
repeatability was calculated using pooled within-subject standard deviation
(Sw). The agreement among the four devices was assessed by pairwise compari-
sons and Bland-Altman plots.

Results: For all devices, the repeatability of TCA measurements showed
Sy <0.23 D for TCA magnitude, <0.14 D for J,, and <0.12 D for Jys. There
were statistically significant differences in TCA magnitude for each pair,
except for IOLMaster 700 with MS-39, and Anterion with MS-39. The repeat-
ability (S} of axis measurements had a statistically significant negative corre-
lation with the TCA magnitude (p < 0.001 for all devices). Both Anterion and
IOLMaster 700 had high repeatability in AL measurements (S, 0.007 mm for
Anterion and 0.009 mm for IOLMaster 700). The difference in AL between the
two was 0.015 + 0.033 mm (p < 0.001).

Conclusions: All four devices showed good repeatability in TCA measure-
ments in keratoconic eyes, the agreement for TCA measurements between the
tested devices was generally low. Anterion and IOLMaster 700 showed good

repeatability and agreement in AL measurements.
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1 | INTRODUCTION

Keratocenus (KC) is characterised by a local corneal
biomechanical failure, which results in progressive
corneal steepening and thinning that cause optical
irregularity leading to decreased visual quality and
acuity.?

Corneal topography and tomography have been the
basic diagnestic methods for keratoconus detection,’® with
a recent addition of corneal epithelial mapping* and bio-
mechanical assessment.*® KC treatment varies depend-
ing on its severity and progression. Mild non-progressive
cases are typically only observed and corrected for their
refractive error by spectacles or contact lenses. In moder-
ate cases with pronounced irregular optics, hard contact
lenses have been used, while the advanced and severe
cases that could not be visually managed with scleral
contact lenses, corneal transplantation has been required.
Since its introduction at the beginning of this century,
corneal cross-linking (CXL)” has been used to provide
biomechanical stabilisation and halt the progression in
mild to moderate cases of KC.® To improve the eye optics,
CXL has often been combined with laser ablation® or
intracorneal 1‘ings,10 while in stabilised KC, implantation
of phakic intraccular lenses (I0L), or refractive exchange
of crystalline lens, has been used.™ Treatments aiming to
improve the irregular optics of KC may benefit from a
better precision of cerneal refractive analysis. Measuring
the total corneal astigmatism (TCA) involves the optics of
the posterior corneal surface and the corneal thickness,
rather than only the anterior corneal surface. TCA can be
determined by ray tracing or by utilising real measured
data of the anterior and posterior corneal curvatures and
corneal thickness.

In KC, where the optics of the posterior corneal sur-
face may be dominant and in cases with previous post-
laser vision correction (LVC), the determination of
total corneal power (TCP) and TCA are crucial.'*™**
The Simulated Keratometry (SimK), which is based
solely on anterior corneal measurements, has been
used to assess the corneal optics in most traditional
IOL calculations,*® although lack of data from the pos-
terior cornea has been identified as the most important
source of error in toric IOLs calculations.*®!” Indeed, a
study showed that an IOL formula, using direct mea-
surements of both anterior and pesterior corneal
power, had a higher predictive accuracy for spherical
equivalent refractive outcome in LVC cataract surgery,
than the regression-based formulas based on the
SimK.'** In virgin eyes, the contribution of the poste-
rior corneal astigmatism is not nearly as important as
the contribution of the anterior corneal astigmatism.*
An ever-increasing demand for high precision in
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refractive predictability in lens exchange procedures
relies on the correct power of the implanted IOL,
which in turn depends on precise measurements of AL,
corneal power, and corneal astigmatism.

Previous studies™ > have shown good repeatability
and agreement for some of the four devices used in the
current study. However, these four devices have not been
compared when measuring patients with KC. The cur-
rent study assesses the repeatability and agreement of
TCA measurements of the four current devices: Anterion
(Heidelberg Engineering, Heidelberg, Germany), Casia
$5-1000 (Tomey Corporaticn, Nagoya, Aichi, Japan),
IOLMaster 700 (Carl Zeiss Meditec, Jena, Germany), and
MS-39 (€SO, Firenze, Italy). Two of these devices
(Anterion and IOLMaster 700) provide AL measurements
as well, within the same examination, and the repeatabil-
ity and agreement of those measurements were assessed
as well.

2 | METHODS

This prospective study included 136 keratoconic eyes of
136 consecutive patients who satisfied our inclusion and
exclusion criteria. All examinations were performed between
March 2021 and December 2021 at @yelegesenteret
clinic in Tromse, Norway. Inclusion criteria were:
(1) Age >16 years; (2) confirmed diagnosis of XC; and
(3) TCA <8 diopters (D). Exclusion criteria were:
(1) History of previcus ocular surgery (except CXL);
(2) presence of eve diseases (except KC}; (3) poor fixation
or inability to complete the examination; and (4) use of
contact lenses within 2 weeks before the examination day
(the period of 2 weeks was considered sufficient since we
knew in advance that only the soft- or mini-scleral contact
lenses, and no rigid gas permeable lenses, are used in our
KC populatien).

The patients were diagnosed as KC according to the
following standard: (1) Topographic maps showing irreg-
ular astigmatism with localised steepening on curvature
maps and with coinciding protrusion on the elevation
maps; (2} corneal tomography shewing more pronounced
protrusion on the posterior compared with the anterior
cornea, and both stromal and epithelial thinning in the
area of protrusion.

Refraction, visual acuity, and standard ophthalmolog-
ical slit lamp examination were performed before the cor-
neal measurements.

The study was approved by the Norwegian Regional
Committee for Medical & Health Research Ethics (REK
Nord 72 084) and complied with the tenets of the Decla-
ration of Helsinki. All patients provided informed con-
sent for the anenymous use of their data in scientific
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analyses and publications, following a detailed explana-
tion of the study.

21 | The measurements

Only one eye of each patient who met the inclusion cri-
teria was selected for measurement according to a ran-
domization generated by Microsoft Excel 2019
(Microsoft Corporation, Redmond, WA). Three consec-
utive measurements were taken with each device and
each measurement took about 20 s. All measurements
were achieved within 15 min and were performed in
an undilated state by the same experienced examiner
(YF) between 10 AM and 2 PM.

All the measurements were performed according to the
operating instructions for the devices. The measurements
with the four devices were cobtained in a random order
according to a randomised list generated by Microsoft Excel
2019. The subjects were asked to place their chin en the
chin rest and press their forehead against the forehead strap,
to look at the fixation target of the relevant device, and to
blink before each measurement to ensure that the tear film
spread out evenly, and to keep their eyes wide open during
the measurement. Between each measurement, to ensure
that the measurements were independent of one another,
the patients were asked to sit back, look away from the fixa-
tion light, and blink normally. The measurerments were con-
sidered acceptable if they satisfied the quality criteria for the
devices as defined by the manufacturers.

2.2 | Device description

The specifications of the four devices are shown in
Table 1.

TABLE 1 Specifications of the four devices for TCA.

Device Anterion Casia 55-1000
Light source wavelength (nm) 1300 1310

A-scan speed (scan/s) 50 000 30 000

Axial resolution (pm) <10 10

Transverse resolution (pm) <45 30

A-scan depth (mm) 14+05 6

Maximum Scan width (mm) 16.5 10

Number of B-scans 65 % 1 16

Number of A-scans per B-scan 256 512
Acquisition time (s) 0.33 0.3

Clinical & Experimental Ophthalmology <& WILEY-L_®

2.3 | Anterion

The Anterion SS-OCT (software version 2.5.2} generates
images using a laser light scurce of 1300 nm wavelength
to obtain B-scans with an axial resolution of <19 pm and
a transversal resolution of 45 pm. The corneal measure-
ments are acquired using the ‘Cataract APP’ mode of the
device, which additionally provides eye biometry data.
Sixty-five radial B-scans are performed, with 256 A-scan
lines centred on the corneal vertex within a 9 mm diame-
ter. The acquisition time with the Cataract APP is <2 s.

24 | Casia SS-1000

The Casia SS-1000 (Tomey, Japan; software version 6Q.2)
is also an SS-OCT, using a 1310 nm light source. Its axial
and transverse resolution is 10 and 30 pm, respectively. It
performs 16 radial scans with 512 A-scan lines centred
on the corneal vertex within 10 mm diameter. The device
performs 30 000 A-scans per second and uses auto align-
ment to focus on the examined eye. Acquisition time is
about 0.3 s.

2.5 | IOLMaster 700

The IOLMaster 700 (Carl Zeiss Meditec, Jena, Germany)
is an §S-OCT device combined with telecentric keratome-
try. The OCT uses a laser with a tunable wavelength from
1035 to 1080 nm centred on 1055 nm, while the kerat-
ometer uses a 950 nm light source. The SS-OCT generates
B-scans with an acquisition speed of 2000 A-scans per
second and a penetration depth of 44 mm, providing
6-line scans with 22 pm axial resolution. These B-scans
are displayed as full-length OCT images showing

IOLMaster 700 MS-39

OCT: 1055; keratometer: 950 OCT: 845; Placido: 635

2000 102 400
22 3.6

24 35

44 7.5

6 6

6%3 12 % 5*
128 1024°
12 2

Abbreviations: OCT, optical coherence tomography; TCA, total corneal astigmatism.

*Customised in this study as recommended by the manufacturer.
1600 A-scan on 16 mm and 800 A-scan on 8 mm.
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anatomical details on a longitudinal section through the
entire eye. The telecentric keratometer measures 18 points
arranged on three rings radially from the cormeal centre.
The optical axes of the SS-OCT and the keratometer are
identical. This ensures that the B-scan passes through the
measuring points. The anterior and the posterior corneal
curvatures are measured by telecentric keratometry and
by the SS-OCT, respectively. Measurements can be done
in Auto/Manual mode. In the current study, the auto
mode was selected. The Keratometry readings are calcu-
lated by analysing the anterier corneal curvature at 18 ref-
erence points in hexagonal patterns at 1.5-, 2.5-, and
3.5-mm optical zones. The keratometry readings analysed
in the current study were at the 2.5-mm zone.

26 | MS-39

The MS-39 (CSO, Firenze, Italy; software Phoenix
v.4.1.1.5) combines SD-OCT- and Placido disk imaging
technology. A superluminescent diode (SLed) at 845 nm
is used as a light source for the OCT, while a SLed at
635 nm is used for Placido disk illumination. The device
provides an axial resolution of 3.6 pm, a transversal reso-
lution of 35 pm, and a maximum depth of 7.5 mm. The
‘Corneal topography” mode ‘12 x 5 @10 mm’*® was used
in this study as recommended by the manufacturer, as it
prevides a higher resolution than the 25 x 1 @16 mm’
mode, which has been used in previous studies.””** In
the ‘12 x 5 @10 mm’ mode, the measurement consists of
12 radial B-scans repeated five times for each of the
12 meridians, with 800 A-scan lines per B-scan over an
8 mm diameter. The acquisition time is about 2 s.

For the anterior corneal topography, ring edges are
detected on the Placido image, providing native curvature
data, while the height and slope data are calculated using
the arc-step method. Profiles of both the anterior and the
posterior cornea are provided from the SD-OCT scans.
Data representing the anterior corneal surface are pro-
vided by merging the Placido imaging and the SD-OCT,
using the manufacturer's proprietary method, while the
data for the posterior cornea is derived solely from
the SD-OCT.

2.7 | Statistical analysis

The TCA values were measured in a central 3.0 mm zone
for all devices except for IOLMaster 700, where we used
the values for a 2.5 mm zone. Data were analysed using
the statistical package SPSS (IBM SPSS Statistics for Win-
dows, Version 20.0. IBM Corp.}. Descriptive statistics
were done for continuous variables. Visual inspections of
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P-P plots and Kolmogorov-Smirnov tests were used to
confirm that the data were normally distributed. The
level of statistical significance was set at p < 0.05.

The TCA values were decomposed into two compo-
nents by using the following equations®*

&
Jp=—x cos2a

2

@ ...
]45:E>< sin2a

where ¢ is the negative cylindrical power and o is the
cylindrical axis. J, refers to a Jackson cross-cylinder
power set orthogonally at $0° and 180° meridians. Pesi-
tive values of J, indicate with-the-rule (WTR) astigma-
tism, and negative values of J, indicate against-the-rule
(ATR) astigmatism. Jq5 refers to a Jackson cross-cylinder
power set orthogonally at 45° and 135°, representing obli-
que astigmatism.

To assess the repeatability, we calculated the pooled
within-subject standard deviation (S,,) (lower values of
S, indicate better repeatability).*’ The repeatability
limit (#), defined as 1.96v2 x Sy (=2.77 X Su), gives the
value below which the absolute difference between two
measurements of Sy, would lie with 0.95 probability.*!**
The Pearson correlation coefficient was calculated to
assess the linear relationship between TCA axis (°) and
magnitude.

To assess the agreement, we used the results only
from the first measurement obtained by each device, and
the following analysis was performed: (1) Differences in
TCA magnitude, Jp, and Ju5; (2) the 95% limits of agree-
ment (LoA), defined as the mean difference for each pair
of devices +1.96 x standard deviations; and (3) pairwise
cemparisons of TCA measurements with Bonferroni
adjustment.

To visualise the differences in the TCA magnitude of
each pair of devices, Bland-Altman plots were generated.

To achieve 90% confidence in the estimate for repeat-
ability analysis, we needed a sample size of 96 eyes for
three repeated measurements.>® In this study, we included
136 eyes which gives 91.6% confidence in the estimate.

3 | RESULTS

This study included 136 eyes (OD/OS: 81/55) of
136 patients [41.66 years +15.15 (SD), range 16-75 years;
male/female: 87/49]. According to Amsler-Krumeich KC
classification, the 136 eyes included in this study were
Grade I 103 eyes, Grade II: 30 eyes, Grade III: 3 eyes,
and Grade IV: 0 eyes.
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31 | Repeatability

Table 2 shows the S, and repeatability limit r (2.77*S)
for the TCA magnitude and its components J, and Jys.
Anterion had the best S, for TCA magnitude, J, and
Jys, followed by Casia S$S-1000, IOLMaster 700 and
MS-39.

Table 3 shows the repeatability of the TCA axis (°)
and its correlation with TCA magnitude (D). Anterion
had the best Sy, for TCA axis, followed by IOLMaster
700, MS-39 and Casia §5-1000. All of them had a 8,
statistically significant (p < 0.001) negative correlation
with the TCA magnitude, which means, that as the
magnitude increases, the S, tends to decrease (better
repeatability).

3.2 | Agreement

Table 4 shows the mean of TCA measurements of all
the 136 eyes obtained by the four devices. Casia SS-
1000 had the lowest mean TCA magnitude with 1.52
+ 1.31 D, while IOLMaster 700 had the highest with
2.15 + 1.81 D. The means of J45 values were similar for
all four devices, while the mean of J, for Anterion and
Casia SS-1000 was higher than for IOLMaster 700 and
MS-39.

Table 5 shows the agreement of TCA magnitude
and the components J, and J,s for each pair of devices.
There were statistically significant differences in TCA
magnitude in all pairs except for Anterion versus MS-
39 and IOLMaster 700 versus MS-39, but only the dif-
ference between Casia SS-1000 and IOLMaster
700 was clinically significant by exceeding 0.50 D
(0.631 D, p = 0.000). There were no statistically signif-
icant differences in TCA components in any pairs
except in J, for IOLMaster 700 versus Anterion with a
mean difference of —0.191 D (p = 0.000), and in Ante-
rion versus MS-39 with a mean difference of 0.196 D
(p = 0.004).

Bland-Altman plots for the agreement in TCA magni-
tude for all pairs of devices are shown in Figure 1.

TABLE 2 Repeatability of TCA
measurements of the four devices.

TCA magnitude (D)
Jo (D)
Jas (D)

Clinical & Experimental Ophthalmology <& WILEY-L_>

33 | Axiallength
Table 6 shows the repeatability and agreement of AL
measurements of Anterion and IOLMaster 700.

Figure 2 shows the Bland-Altman plots for the agree-
ment in AL measurements between Anterion and IOL-
Master 700.

4 | DISCUSSION

In this prespective study, we tested the repeatability of
TCA measurements in four devices (Table 2) in a group
of eyes with KC. This analysis was performed by calculat-
ing the pooled within-subject SD (Sy), which represents
the level of variability of three consecutive measure-
ments, where lower values of S, represent better
repeatability.

Among the four devices, the Anterion had the best
repeatability in measuring TCA magnitude and J, and Jy5
components. Previous studies®***® of TCA measure-
ments in healthy eyes by Anterion reported a S, for TCA
magnitude varying from 0.07 D to 0.13 D, while Shajari
et al.*” reported a Sy, of 0.15 D for IOLMaster 700. The
worse repeatability in our study is presumably due to our
population of KC corneas with irregular corneal optics.
Gjerdrum et al.*® evaluated the repeatability of Anterion
and Casia §S-1000 in patients with hyperosmolar (n = 31)
and normal (n = 63) tear film, showing a S, for TCA mag-

TABLE 3 The repeatability of TCA axis (°) and its correlation
with TCA magnitude (D).

Pearson correlation

Repeatability
Devices Sw r P
Anterion 426 —0.491 <0.001
Casia 55-1000 923 —0.478 <0.001
TOLMaster 700 721 —0.359 <0.001
MS-39 8.73 —0.370 <0.001

Note: TCA, total corneal astigmatism; S, pooled within-subject standard
deviation,; 7, the correlation coefficient.

Repeatability, S, (repeatability limit, r)

Anterion Casia S$S-1000 IOLMaster 700 MS-39

0.12(034)  0.18 (0.50) 0.19 (0.53) 0.23 (0.64)
0.07(020)  0.10(0.26) 0.10 (0.27) 0.14 (0.39)
0.06 (0.15) 0.10 (0.26) 0.09 (0.25) 0.12(0.33)

Note: TCA, total corneal astigmatism; S,,. pooled within-subject standard deviation; # (repeatability limit),
2.77 % Sy Jo, cylinder at 0-degree meridian; J,s, cylinder at 45-degree meridian.
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TABLE 4 The mean of TCA

Mean + SD i :
measurements obtained by each device.
Anterion Casia §5-1000 IOLMaster 700 MS-39
TCA magnitude (D) 1.89 +1.52 152+ 131 215+ 181 199+ 1.73
Jo (D) 0258 + 0,969 0242 + 0.916 0067 + 1.103 0.062 + 1.067
Juis (D) 0.124 + 0,677 0127 + 0.635 0.131 + 0.859 0.18% + 0.753

Abbreviations: SD, standard deviation; TCA, total corneal astigmatism.

nitude varying from 0.15 D to 0.16 D for the Anterion and
from 0.18 D to 0.28 D for the Casia. Schiano-Lomoriello
et al.”® assessed the repeatability of MS-39 in KC eyes
(n = 44), giving a S, of 0.55 D for TCA magnitude, which
is more than twice our results.

Concerning the TCA components J, and Jys, Piflero
et al.?® found a S, of 0.09 D for J and 0.07 D for Jys in
healthy eyes (n = 35), using the Cassini system (i-Optics,
The Hague, Netherlands, distributed by Ophthec). The
Cassini system is a topographer based on the specular
reflection of 679 coloured light-emitting diodes (LEDs} to
construct topographic maps of the anterior corneal sur-
face and seven additional infrared LEDs to measure the
curvature of the posterior corneal surface. Their results
with the Cassini showed superior repeatability to ours
with MS-39 (S, 0.14 D for J, and 0.12 D for J,s), similar
to ours with Casia S5-1000 (S, 0.10 D for J, and 0.10 D
for Jus) and IOLMaster 700 (S 0.10 D for J, and 0.09
D for J,5), but inferior to ours with Anterion (Sy: 0.07 D
for J, and 0.06 D for J,s).

We assessed the repeatability of TCA axis (*) in the
four devices. Our results had the best repeatability in
Anterion with S 4.26° and the worst in Casia SS-1000
with Sy of 9.23°. So far, there are no publications about
the repeatability of TCA axis measurements in KC eyes
with the current four devices. de Luis Eguileor et al.>*
found a S, range from 7.70° to 11.78° for astigmatism
axis in KC eyes using Scheimpflug-based tomographer,
Pentacam HR (Oculus; Optikgerdte GmbH, Wetzlar,
Germany). Their results were close to ours with Casia SS-
1000 (Sy: 9.23°), IOLMaster 700 (Sy: 7.21°), and MS-39
(Sw: 8.73°), while far worse than ours with Anterion. The
different findings between the studies may be due to both
the precision of the devices and the corneal irregularities
of different grades in KC eyes.

We also correlated the repeatability of TCA axis (°)
with TCA magnitude (D). We found the repeatability of
the TCA axis measurement improved with increasing
TCA magnitude across all four devices, possibly because
the magnitude dominates the measurement despite irreg-
ularities. Similarly, Kanellopoulos and Asimellis,™ using
Cassini in normal eyes, reported that the greater the cyl-
inder magnitude, the better the repeatability of the axis

measurements. In our study, Anterion and Casia SS-1000
had a moderate correlation, while, IOLMaster 700 and
MS-39 had a weak correlation (Table 3). The low cylinder
measurements are generally more likely than high cylin-
der to be influenced by general ncise in the readings,
such as tear film surface irregularities,"” which can
obscure the precise detection of the axis.

Regarding the agreement in TCA measurements for
any pair of devices in our study, most of them had statis-
tically significant differences in TCA magnitude
(Table 5). The mean difference between Casia SS-1000
and IOLMaster 700 was 0.631 D (p < 0.001), while the
mean difference for the other pairs did not exceed 0.50
D. It should be noted that a difference of 0.50 D in the
estimation of corneal power results in an error of IOL
power calculations below 0.50 D at the corneal plane,
while 0.50 D is the minimum IOL power step provided
by most manufacturers.”® Accordingly, only the TCA
magnitude difference between Casia SS-1000 and IOL-
Master 700 was clinically significant.

The Bland-Altman plots in Figure 1 showed that the
mean difference was smallest between Anterion and MS-
39 with 0.099 D (p = 1.00, adjusted by multiple compari-
sons by Bonferroni). However, the 95% LoA range for
these two devices was wide, (—2.620, 2.422} D. The nar-
rowest 95% LoA range was for Anterion and Casia
$5-1000, (—0.469, 1.217) D. It is interesting to notice from
the Bland-Altman plots when comparing MS-39 to any
of the other three devices that the distribution of the
points becomes much more scattered as their mean value
increases (Figure 1C,EF). This phenomencn was not
observed for the other pairs. This might be due to the
MS-39's technology, which combines Placido technology
with the SD-OCT for the anterior corneal measurement.
In addition, from the plets related te the IOLMaster
700 (Figure 1B,D), we can see an apparent bias towards a
more negative difference (greater magnitude measured
by IOLMaster 700) as the mean increases. We speculate
that this might be due to the IOLMaster 700 combining
telecentric keratometry and SS-OCT, while the Anterion
and Casia SS-1000 utilise only SS-OCT technology. Fur-
thermore, this changing bias could alsc be partly caused
by differences in the diameters used for measurements.
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Note: TCA, total corneal astigmatism; SD, standard deviation; Jo, cylinder at 0-degree meridian; Jus, cylinder at 45-degree meridian; p, the mean difference is significant at the 0.05 level. Adjustment for multiple

comparisons: Bonferroni.

Specifically, the IOLMaster 700 uses a 2.5 mm diameter,
whereas the others use 3.0 mm. Therefore, consistent use
of the same device is recommended for accurate and reli-
able monitoring of keratoconus progression.

We also assessed the repeatability and agreement of
AL measurements acquired by Anterion and IOLMaster
700. Both devices had very high repeatability with a Sy, of
0.007 mm for Anterion and 0.009 mm for IOLMaster 700.
The difference in AL between the two was statistically
significant (0.015 + 0.033 mm, p < 0.001), but it would
be clinically irrelevant and would preduce a very negligi-
ble difference (less than 0.1 D) in postoperative refractive
errors, the AL measured by the two instruments may be
used interchangeably for IOL power calculation.** Panda
et al.®? reported a difference in AL of —0.02 + 0.09 mm
(p = 0.001, n = 203) between Anterion and IOLMaster
700. Schiano-Lomoriello et al.** found a S, of 0.01 mm
for Anterion, similar to our results. The latter group also
compared the AL measured by Anterion and IOLMaster
500 (Carl Zeiss Meditec, Jena, Germany), which is an
older generation of optical biometer than the IOLMaster
700 and reported a 95%LoA (—0.06, 0.05) mm for Ante-
rion and IOLMaster 500, which was comparable to our
results of 95%LoA (—0.08, 0.05) mm for Anterion and
IOLMaster 700.

Differences in the measured diameter (2.5 mm used
for IOLMaster 700 and 3.0 mm for the others), may have
influenced the results. In our decision between utilising
the 2.5 or 3.5 mm diameter for IOLMaster 700 (3.0 mm
not being available), we were aware of the recent findings
by Alpins et al.*® advocating for larger zones in keratoco-
nic eyes, but we chose 2.5 mm diameter since it has been
widely used in clinical practice, as well as referred in the
literature.*6~*® Additionally, Fredriksson et al,* recom-
mended a smaller zone to mitigate the influence of the
cone on the measurement.

The eyes in this study had a confirmed keratoconus
with 75.7% diagnosed as Grade I. As more corneal irregu-
larities in higher grade KC lead to variable repeatability
and agreement, the results in studies with KC eyes may
be challenging to interpret.*® Therefore, even if higher
TCA magnitudes may improve repeatability, the presence
of more irregularities in severer KC will always reduce
the repeatability.”

Our study focused on kerateconic eyes, where the typ-
ical anterior/posterior curvature ratios observed in regu-
lar eyes may not be applicable. Using the ray-tracing type
IOL-calculation, used in formulas, such as Okulix** and
Olsen™ may give better results since it involve the exact
Snell's law and ray-tracing calculated TCA, not relying
on any assumptions in the calculation. For more
accurate IOL power calculation and astigmatism cor-
rection in keratoconic eyes, it is essential to employ
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FIGURE 1 Bland-Altman plots showing agreement between total corneal astigmatism magnitude measured by (A) Anterion and Casia
$S-1000, (B) Anterion and IOLMaster 700, (C) Anterion and MS-39, (D) Casia SS-1000 and IOLMaster 700, (E) Casia SS-1000 and MS-39,
(F) IOLMaster 700 and MS-39. The red lines show the mean differences and the green lines show the lower and upper 95% limit of
agreement.

TABLE 6 Repeatability and agreement of AL measurements of Anterion and IOLMaster 700.

Difference (Anterion—IOLMaster 700)

Anterion I0LMaster 700 Mean + SD p 95% LoA range
Sy (mm) 0.007 0.009 o - o
r (mm) 0.020 0.024 - - -
AL (mm) 24.120 + 1.17 24135+ 1.17 —0.015 + 0.033 <0.001 —0.080 to 0.049

Note: AL, axial length; S, pooled within-subject standard deviation; r (repeatability limit), 2.77 x Sy; LoA, limit of agreement; SD, standard deviation.
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Axial length diference between Anterion and IOLMaster 700
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FIGURE 2 Bland-Altman plot showing the means plotted

against the differences in axial length between Anterion and
IOLMaster 700. The red line shows the mean differences and the
green lines show the lower and upper 95% limit of agreement.

keratoconus-specific formulas. In addition to ray-
tracing-based formulas, non-ray tracing formulas are
used in keratoconic eyes, including the Barrett True-K
for keratoconus, the Kane formula for keratoconus, the
Holladay II keratoconus mode, the Toric Barrett True-K
(for toric IOL), all utilising keratometry measurements.
Commonly-used options based on TCP include the Bar-
rett True-K keratoconus formula with total K (TK) for all
severities of KC and Emmetropia Verifying Optical
(EVO) formula with TK or K in eyes with non-severe dis-
ease (K <50.00 D).** These specialised formulas take into
account the unique corneal characteristics associated
with keratoconus, providing more accurate and tailored
results for IOL power and astigmatism correction. Thus,
the use of personalised, device-specific A-constants is cru-
cial to minimise systematic prediction errors.

Limitations of the current study: The cases were not
divided into subgroups according to the grade of the KC
due to the relatively small sample size. In addition, our
sample included a few cases with severe keratoconus,
where the quality of measurements is reduced.

41 | Conclusions

All four devices had good repeatability in the measure-
ments of TCA in KC eyes, Anterion being the best. The
agreement between the tested devices was generally low,
and from this we identified two important consequences:
a consistent use of the same device for accurate and reli-
able monitoring of keratoconus progression, and a use of
personalised, device-specific A-constants, to minimise
systematic prediction errors. We found that the larger the
difference in the basic technology between the devices,
the more disagreement in the results. For this reason, for

Clinical & Experimental Ophthalmology <€) BV LEY_L_°

the measurements of TCA, the SS-OCT-technology-only
devices should not be used interchangeably with SS-OCT
combined with telecentric keratometry (Anterion and
Casia SS-1000 vs. IOLMaster 700) or with SD-OCT com-
bined with Placido devices (Anterion and Casia SS-1000
vs. MS-39). Furthermore, devices using different hybrid
technologies (IOLMaster 700 and MS-39) should not be
used interchangeably. For AL measurements, Anterion
and IOLMaster 700 had good repeatability and agreement
and may be used interchangeably.
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ORIGINAL ARTICLE

Heidelberg Anterion Swept-Source OCT Corneal
Epithelial Thickness Mapping: Repeatability and
Agreement With Optovue Avanti

Yue Feng, MSc, MD; Dan Z. Reinstein, MD, DABO, FRCOphth; Tore Nitter, MD, PhD;

Timothy J. Archer, MA{Oxon) DipCompSci (Cantab), PhD; Colm McAlinden, MD, PhD, FRCOphth;
Xiangjun Chen, MD, PhD; Geir Bertelsen, MD, PhD; Tor Paaske Utheim, MD, PhD;

Aleksandar Stojanovic, MD, PhD

RESULTS: The repeatability ranges of the Anterion and Avanti
epithelial thickness mapping measurements were 5 : 0.60 to
1.36 pmand S_: 0.75 to 1.96 pm, respectively. The 95% limits
of agreement of the Anterion and Avanti were 0.826 to 8.297.
All values of the thickness measurements with the Anterion
were lower than those of the Avanti, with the mean differ-
ences being 4.06 £ 1.81, 3.26 £ 2.52, and 3.68 £ 2.51 pm in vir-
gin, PLRS, and keratoconic eyes, respectively (P < .001 for all).

ABSTRACT

PURPOSE: To assess the repeatability of corneal epithelial
thickness mapping in virgin, post-laser refractive surgery
[PLRS]J, and keratoconic eyes using a hovel swept-source op-
tical coherence tomographer [SS-0CT), and to determine the
agreement of the measurements with a validated spectral-
domain (SD) OCT.

CONCLUSIONS: The repeatability of the Anterion’s epithe-
lial thickness mapping was higher than that of the Avanti.
In terms of the agreement between the Anterion and Avanti,

METHODS: Analysis of 20 virgin, 46 PLRS, and 122 keratocon-
ic eyes was performed. Three consecutive measurements of

each eye were acquired with the Anterion $SS-0CT and Avanti
SD-OCT devices, and averages of the epithelial thickness
mapping were calculated in the central 2-mm zone and in the
2-to B-mm and 5- to 7-mm diameter rings. The repeatability
was ahalyzed using pooled within-subject standard deviation
[S,J). The agreement was assessed by Bland-Altman analysis
and paired f tests.

s its first cellular layer and refractive medium,
the corneal epithelium has an important role in
the refractive system of the eye. Being highly re-
active to irregularities in the underlying stroma, it is al-
ways attempting to smooth the ocular surface by grow-

the epithelium measured by the Anterion was always thinner
than that of the Avanti, making their interchangeable use un-
suitable without corrections.

[J Refract Surg. 2022;3816):356-363.]

ing thicker over depressions and becoming thinner over
bumps, a phenomenon described as epithelial remodel-
ing.! This way, the epithelium regularizes the corneal
optics and, in most cases, leads to less corneal astigma-
tism, less change of asphericity, and fewer higher order
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aberrations in both virgin and irregular corneas and as
in eyes after refractive surgery,>® compared to the same
parameters measured on the stromal surface. The epi-
thelium also decreases the refractive power of the eye
by simply increasing the corneal radius of curvature by
its thickness.* On the other hand, due to the effect of
eyelid blinking mechanics, a slightly non-uniform epi-
thelial thickness profile is induced.®

Epithelial thickness mapping (ETM) has recently
become an indispensable tool in corneal and refractive
surgery. It has contributed to the early diagnosis of ker-
atoconus!®? and subsequently increased the safety of
refractive surgery.®® It is also valuable for therapeutic
refractive surgery to help further understand irregular
astigmatism.!® ETM was pioneered by Reinstein et al,
who were the first to measure® and map!! the corneal
epithelium across the whole cornea.!? They also de-
scribed the epithelial behavior!1#1¢ after corneal laser
refractive surgery'” and in keratoconus,''® and were
the first to use the term “epithelial remodeling.”

Reinstein et al also introduced clinically applicable
ETM using very high-frequency (VHF) digital ultra-
sound scanning (Artemis Insight 100; ArcScan, Inc) as
early as 1994.'* ETM based on optical coherence to-
mography (OCT) appeared in 2011. It did not surpass
the former in terms of precision, but due to its ease of
use, it became the most prevalent technology in cur-
rent clinical practice. The first commercially available
OCT-based instrument that provided 6-mm diameter
epithelial mapping was the Optovue RT-100 (Opt-
ovue, Inc), featuring spectral-domain (SD) OCT tech-
nology, otherwise mainly used for the posterior seg-
ment diagnostics. SD-OCT technology has since been
used for ETM on several devices, of which the Avanti
(Optovue, Inc) is currently the most prevalent one.'®

Swept-source (SS) OCT technology with a longer
wavelength light source was introduced to allow a
greater image depth and high-contrast imaging of the
entire anterior segment.?® The Anterion (Heidelberg
Engineering) is a recently introduced, high-resolution
anterior segment OCT device featuring SS-OCT tech-
nology.?* However, the manufacturers of both the An-
terion and the Casia2 (Tomey Corporation), another
anterior segment OCT featuring SS-OCT technology,
have yet to release their instruments’ ETM capabilities
commercially. The current study is the first to measure
and analyze the ETM using SS-OCT technology, em-
ploying the Anterion’s investigational software.

The purpose of this study was to assess the repeatabil-
ity of ETM measurements with the Anterion across the
central 7-mm diameter of the cornea and its agreement
with the Avanti SD-OCT for healthy virgin, post-laser
refractive surgery (PLRS), and keratoconic eyes, In addi-
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tion, we analyzed the spatial variations in ETM with the
two devices. By using the Avanti as the reference device
in this study, we also assessed its repeatability, which
previously has been reported only scarcely.?

PATIENTS AND METHODS

Ninety virgin eyves of 90 consecutive patients whowere
candidates for elective laser vision correction or cataract
surgery (virgin eyes) and 46 eyes of 45 patients with a
history of previous laser refractive surgery (PLRS eves)
were examined at Pyelegesenteret Eye Clinic (Tromsa,
Norway), whereas 122 eyes of 118 patients with diag-
nosed keratoconus (keratoconic eyes) were examined
at the Department of Ophthalmology of the University
Hospital North Norway. In the virgin eyes, only one eye
of each patient was used to avoid statistical bias. In the
PLRS and keratoconic groups, we used both eyes from
1 and 4 patients, respectively, because there was a large
difference between these patients’ 2 eyes. All examina-
tions were performed between March 2020 and Febru-
ary 2021, This was a prospective study approved by the
Norwegian Regional Committee for Medical & Health
Research Ethics (REK Nord 72084) and it complied with
the tenets of the Declaration of Helsinki. All patients pro-
vided informed consent for the anonymous use of their
data in scientific analyses and publications, following a
detailed explanation of the study.

Inclusion criteria were age 18 years or older and
healthy virgin corneas for the virgin eyes; age 18 years
and older and previous corneal laser vision surgery
(both myopic and hyperopic treated eyes) at least 3
months before the examination®* for the PLRS eyes;
and age 16 years or older and a diagnosis of kerato-
conus and spherical equivalent of myopia of 8.00 di-
opters (D) or less for the keratoconic eyes. Exclusion
criteria were a history of other previous ocular surgery
(except for PLRS eyes); patients with pterygium or
other conjunctival, limbal, or corneal disease (except
for keratoconus); poor fixation or inability to complete
the examination; and use of hard contact lenses.

Age, sex, and personal and family history of eye
diseases were recorded. Refraction, visual acuity, stan-
dard ophthalmological examination with the slit-lamp
examination and funduscopy were performed before
ETM measurements.

ETM MEASUREMENTS

The sequence of the ETM measurements with the
two devices was randomized. Three consecutive mea-
surements were taken with each device. For both de-
vices, each single measurement lasted approximately
20 seconds, including computer processing, and hang-
ing from one device to the other took less than 10 min-
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utes. All examinations were taken by the same experi-
enced examiner (YF) between 10 AM and 2 PM.

The patients were asked to fixate on the device’s fix-
ation target to achieve a coaxial position with the infra-
red camera and the corneal vertex. For each measure-
ment, the examiner centered the scan on the corneal
vertex by adjusting the joystick until a bright vertical
flare line was seen at the center of the real-time OCT
image. Patients were instructed to blink immediately
before each measurement to ensure that the tear film
would be spread out evenly, and to keep their eyes
wide open during the measurement. Patients were
then asked to sit back and look away from the fixation
light between the measurements. No eye drops were
applied during testing.

ANTERION

The Anterion SS-OCT generates images using a
laser light source with a 1,300-nm wavelength to ob-
tain B-scans with an axial resolution of less than 10
pm and a transversal resolution of 45 pm. An active
eye-tracker is used. The software version 1.2.2 with
activated investigational epithelium feature provides
corneal ETM and various derived statistics. The ETMs
are acquired quickest using the “Cornea APP” mode
on the device, but the same data are also acquired
with the “Cataract APP” mode; both perform 65 radial
scans with 256 A-scan lines centered on the corneal
vertex over a 7-mm diameter. Acquisition time with
the Cornea APP is less than 1 second.

After the acquisition, the instrument presents ETM,
displaying mean thicknesses at 41 points, evenly dis-
tributed across the map, but the user may measure the
epithelium thickness at any given point on the map by
pointing the mouse. For comparison with the Avanti,
we calculated averages of the same 17 zones/rings/sec-
tions that are used by Avanti, shown in Figure A (avail-
able in the online version of this article). Measurements
from the 7- to 9-mm diameter ring on the Avanti were
not used in this study. The technical specifications of
the device are summarized in Table A (available in the
online version of this article).

AVANTI

The Avanti SD-OCT operates using a super lumines-
cent diode light source at a wavelength of 840 nm. It
obtains B-scans with an axial resolution of 5 pm and a
transversal resolution of 15 pm. It does not use an eye-
tracker. Corneal thickness mapping and ETM are pro-
duced using the “pachymetry wide scan pattern” mode
and attaching the “long adaptor lens” to the instrument
(software v. 6.11.0.12). The ETM measurement consists
of eight radial scans at 22.5-degree intervals repeated

358

five times for each meridian, with 1,024 A-scan lines
over a 9-mm diameter. Acquisition time is 0.58 second.

ETM and corneal pachymetry maps are generated by
an automatic algorithm and divided into a total of 25 sec-
tions over a 9-mm diameter: a central 2-mm diameter zone
and eight sections equally distributed (superior, superior
temporal, temporal, inferior temporal, inferior, inferior
nasal, nasal, and superior nasal) within three annular
rings (2- to 5-, 5- to 7-, and 7- to 9-mm) (Figure A). Only
the mean epithelial thickness of each section is present-
ed. Only high-quality images centered at the corneal ver-
tex, with complete coverage and free of motion artifacts,
were accepted for analysis. The technical specifications
of the device are summarized in Table A.

STATISTICAL ANALYSIS

We used vertically mirrored symmetry superimpo-
sition: thickness values for left eyes were reflected in
the vertical axis and superimposed onto the right eye
values so that the nasal/temporal characteristics could
be combined.®

To assess the repeatability, we calculated pooled
within-subject standard deviation (S, (lower values of
8, indicate higher repeatability).**** The repeatability
limit (r) defined as 1.96 \/2 x §_ (= 2.77 x 8 ) gives the
value below which the absolute difference between two
measurements would lie with 0.95 probability.?®

To assess the agreement, we calculated the following
parameters: difference in thickness readings (a positive
difference indicates a thinner epithelium in the An-
terion), 95% limits of agreement (LoA = mean = 1.96 x
standard deviation, and paired two-tailed f tests.

The Bland-Altman plot was added to visualize the
agreement between the devices.

Data were entered into Microsoft Excel 2016 (Micro-
soft Corporation) and then imported into a statistical
software (SPSS v25; IBM Corporation). A Pvalue of less
than .05 was considered to be statistically significant.

RESULTS
This study evaluated 258 eyes of 253 patients for
both repeatability and agreement analyses. The demo-
graphic data are displayed in Table 1.

REPEATABILITY

The repeatability of the measurements (expressed
as S, ) were calculated in the central 2-mm zone and
in the 2- to 5-mm and 5- to 7-mm diameter rings with
results displayed in Table 2 for the three groups of
eyes. The repeatability of all 17 sections is shown in
Table B (available in the online version of this article).
S, ranges for the Anterion were 0.64 to 1.01 um in vir-
gin eyes, 0.60 to 1.36 pm in PLRS eyes, and 1.15 to 1.36
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TABLE 1
Demographic Data
Total Virgin PLRS KC

Parameter [(n=258) (n=90) {n = 46) (n =122)
Age [year]

Mean 42.00 = 48.77 + 48.25 34535

SD 15:51 16.83 13.41 11.36

Range 16 ta 76 18ta 76 21t 72 16 ta 75
Sex

Male 173 46 29 98

Female 80 44 16 20
Eye

Right 173 67 31 7

Left 85 23 15 47
Postop time
(year)

Mean + = = 6.27 £ 6.51 =

SD

Range & = 0.25 to e

19.83

KC = keratoconus; PLRS = post-laser refraction surgery: postop = postop-
erative; S0 = standard deviation

pm in keratoconic eyes. For the Avanti, S ranges were
0.98 to 1.11 pm in virgin eyes, 1.37 to 1.96 pm in PLRS
eyes, and 1.37 to 1.60 pm in keratoconic eyes.

AGREEMENT BETWEEN ANTERION AND AVANTI
MEASUREMENTS

The mean difference in thickness (Avanti minus An-
terion), 95% LoA, and paired, two-tailed t tests Pvalues
in the central 2-mm zone and the 2- to 5-mm and 5- to
7-mm diameter rings are displayed in Table 3 for the
three groups. The Anterion showed significantly thin-
ner mean epithelium than the Avanti in all measured
areas in all groups of eyes, with a mean difference rang-
ing from 2.66 to 4.35 pm. The difference between the
devices was most pronounced in the 2- to 5-mm ring
in all three groups of eyes. If we look at the individual
eyes, the Anterion measured the central 2-mm zone
epithelium thickness thinner than the Avanti in 100%
of virgin eyes, 93.48% (43 of 46 eyes) of PLRS eyes, and
87.70% (107 of 122 eyes) of keratoconic eyes.

In all of the 17 sections, the mean difference (Avanti
minus Anterion), 95% LoA, and paired, two-tailed # tests
P values are shown in Table C (available in the online
version of this article). The mean ETM for each of the 17
sections for both Anterion and Avanti, and a map for the
difference between the two devices in virgin, PLRS, and
keratoconic eyes, are shown in Figures B-D, respectively.

Bland-Altman plots for the agreement between the
epithelial thickness measured by the Anterion and
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TABLE 2
Repeatability of ETM Measurements
Repeatability, Sw [Repeatability Limit, r

Group Anterion Avanti
Yirgin

Zone 0 to 2 mm 0.64 (1.77) 0.98 (2.72]

Ring 2 to 5 mm 0.79 (2.18]) 1.14 (3.15)

Ring 5 to 7 mm 1.01 (2.80) 1.11 (3.08)

Area 0to 7 mm 0.88 (2.44) 1.12 (3.10)
PLRS

Zone 0 to 2 mm 0.60 (1.67) 0.75 (2.06)

Ring 2 to 5 mm 0.84 (2.33) 1.40 (3.88)

Ring 5 to 7 mm 1.26 [&77) 1.96 (5.42)

Area 0 to 7 mm 1.08 (2.99) 1.62 (4.49)
KC

Zone 0 to 2 mm 1.15 (3.19) 1.37 (3.78)

Ring 2 to 5 mm 1.18 (3.24) 1.45 (4.02)

Ring 5 to 7 mm 1.36 (3.76) 1.60 (4.44)

Area 0 to 7 mm 1.26 (3.49) 1.52 (4.21)
All

Zone 0 to 2 mm 0.91(2.52) 1.15 (3.19)

Ring 2 to 5 mm 1.00 (2.77) 1.34 (3.71)

Ring 5 to 7 mm 1.26 (3.49) 1.53 (4.24)

Area 0 to 7 mm 1.12 (3.10) 1.42 (3.39)
ETM = epithelial thickness mapping; KC= keratoconus; PLRS = post-laser
refractive surgery
The Anterion is manufactured by Heidelberg Engineering and the Avantiis
manufactured by Optovue.

Avanti for virgin, PLRS, and keratoconic eyes are shown
in Figures E-F, respectively. The mean difference in
epithelial thickness was larger in the virgin eyes than
in the other two groups of eyes, whereas the range of
95% LoA was wider in the PLRS and keratoconic eyes
than in the virgin eyes. Both the mean difference and
the 95% LoA increased from the center to the periphery
in all three groups. The epithelial thickness differences
in the rings, as well as in the opposite corneal sections
in the three groups of eyes, are shown in Table 4.

DISCUSSION

The current study investigated for the first time the
epithelial thickness mapping obtained by any SS-OCT-
based instrument, notwithstanding a recent article® re-
porting ETM measured by the MS-39 (CS80), which is
an SD-OCT device, erroneously described as SS-OCT.

The repeatability of the Heidelberg Anterion SS-
OCT in the three groups of eyes (virgin, PLRS, and ker-
atoconic) was good, and higher compared to the tra-
ditional SD-OCT (the Avanti), whereas the Anterion’s
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TABLE 3
Agreement of ETM Measurements Between the Two Devices

Mean # SD (pm]) Difference 95% LoA [pm)

Group Anterion Avanti Mean £ 5D (pm) P Lower Upper
Virgin

Zone 0to2 mm 51:5% + 3.27 55.60 + 3.26 4.02 +1.38 < .001 1.307 6.73

Ring 2 to 5 mm S0 9548 31 G523 8825 435 % 1.73 <.001 0.95 7.75

Ring 5 to 7 mm 50.56 £ 3.70 54.34 = 3.44 3.78+1.93 <.001 -0.001 7.554

Area 0 to 7 mm 50.80 + 3.49 54.86 + 3.34 4.06 181 <.001 0.523 7.598
PLRS

Zone 0 to 2 mm 53.79 £ 6.07 56.96 + 5.87 3.17 £ 1.99 < .001 -0.736 7.069

Ring 2 to 5 mm 54.05 + 5.68 57.85 £ 5.45 3.80+2.18 < .001 -0.475 8.071

Ring 5 to 7 mm 54.77 + 6.53 57.50 = 5.71 273+293 < .001 -3.002 8.468

Area 0 to 7 mm 54.37 +6.10 57.63 +5.60 3.26 £2.52 <.001 -1.679 8.199
KC

Zone 0to2 mm 50.49 + 5.69 ke e 5 (et 266 £2.12 < .001 -1.501 £.829

Ring 2 to 5 mm 51.16 + 4.90 55.12 £ 4.79 396 +2.14 < .001 -0.237 8.157

Ring 5 to 7 mm 52:55 500 56.07 + 4.36 352294 < .001 -2.238 9273

Area 0 to 7 mm 51.78 £ 5.00 55.45 + 4.64 3.68+2.51 < .001 -1.253 8.604
All

Zone 0to2 mm 51.46 £5.18 St ey B 3.23 1.9 <.001 -0.62 7.07

Ring 2 to 5 mm 51.60 + 4.86 55.66 + 4.68 4.07 +2.04 <.001 0.075 8.059

Ring 5 to 7 mm 52 250t B 5 55.72 + 4.52 3.47 £2.66 < .001 -1.751 8.689

Area 0 to 7 mm 51.90 + 5.02 55.63 £ 4.63 3.74 233 < .001 -0.826 8.297

ETM = epithelial thickness mapping; KC = keratoconus; LoA = limits of agreement; PLRS = post-laser refractive surgery; 50 = standard deviation
The Anterion is manufactured by Heidelberg Engineering ang the Avanif is manufactured by Optovue,

TABLE 4
ETM Measurement Differences in the Rings and in the Opposite Sections for Both Devices
Yirgin PLRS KC
Anterion Avanti Anterion Avanti Anterion Avanti
Mean & Mean * SD Mean £ SD Mean £ SD Mean £ SD Mean £ SD

Parameter  SD (pm] P {pm) P (pm]) P (pm]) B {pm) i [pm) P
S-| -408 t <.001 316+ 265 <001 -8.76+581 <.001 -3.40 £ 569 < .001 -0.43 1 5.57 230 -0.76 + 5.04 019

3.24
T-N -0.36 + 024 -071 £+ 1,86 <.001 0.35 + 4.84 492 010+ 4,03 0816  -1.76+£558 <.001 -193+453 <.001

243
ST-IN SRR EEE <.001 -293+228 <.001 -1.93:ds68 <.001 =1iET £ 45D 0.007 -0.57 £ 490 069 -105+406 <.001

2,67
SN-IT =FL0 e 0 e S W e 001 -1.93+£502 <.001 202642 <001 155£516 =.001

315
Center- 1.02 ¢ 0.007 R 001 -0.98 £ 4.65 342 -0.55 + 4.11 549 -2.06£530 «.001 -292+255 <.001
Outer 2.36
Inner- (ke o <.001 0.96 £1.94 <.001 -0.73+6.75 041 0.34 ¢ 5.4% 231 -1.39+£4.73 <.001 -095+418 <.001
Outer 2.06

Center = centrat 2 mm; £ETM = epithelial thickness mapping; | = inferior; IN = inferior nasal; Inner = 2- to &-mm diameter ring; IT = inferior temporal; KC = keratoco-
nus; N = nasal; Quter= 5- to 7-mm diameter ring; PLRS = post-laser refractive surgery: 5 = superior; SN = superior nasal; 5T = superior temporal; T = temporal
The Anterion is manufactured by Heidelbery Engineering and the Avanti is manufaciured by Optovue,

measurements of the mean epithelial thickness in all The first ETM measurements by Reinstein et al?® with
17 sections of all three groups of eyes were lower than ~ the Artemis VHF digital ultrasound in 1994 showed an
the Avanti’s. S, of 0.58 pm at the corneal vertex, and 0.43 to 1.36 ym
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in 90% of locations within the central 6-mm diameter
after five consecutive measurements of 10 eyes of 10 pa-
tients 1 year after laser in situ keratomileusis.”® Their S |
is similar to what we measured with the Anterion (0.60
to 1.36 pm) but lower (ie, higher repeatability) than what
we measured with the Avanti (0.75 to 1.96 pm) in the
PLRS eyes within the 7-mm diameter. However, repeat-
ability should also be considered in the context of the
measurement resolution of the device; VHF digital ultra-
sound can measure the epithelial thickness with less than
1 um resolution, whereas OCT devices have a resolution
of closer to approximately 5 pm for the Avanti and 8 ym
for the Anterion. Therefore, although repeatability may
be comparable, it could be expected that the accuracy of
OCT devices might be lower than VHF digital ultrasound.

Although introduced 17 years later than the Artemis,
ETM in virgin eyes measured by SD-OCT Optovue RT-
100 showed an §_ as high as 0.70 pm within the central
2-mm zone and 0.7 to 0.9 pm in the paracentral ring (4
to 6 mm).?® This is similar to what we obtained in virgin
eyes with the Anterion (8 : 0.64 to 1.01 pum), but lower
than what we obtained with Avanti (S,: 0.98 to 1.14 pm)
for the central 2-mm zone and the outer 5- to 7-mm ring.

Sedaghat et al?? calculated the repeatability of ETM
with the Avantiwithin the 7-mm zone of 52 eyes before
and after photorefractive keratectomy, and foundan S,
of 1.73 pm preoperatively and 4.50 pm 6 months post-
operatively. Within the 7 mm zone, our data showed
a lower S (ie, higher repeatability) than theirs in our
PLRS eyes obtained with both the Anterion (S_: 0.60
to 1.36 um) and Avanti (S, 0.75 to 1.96 pm). Even if
we included all eyes, our data showed that the S of
the Avanti (1.34 pum) was lower than that reported by
Sedaghat et al (1.73 pm).

Using the MS-39 SD-OCT, Vega-Estrada et al*® found
in the central 3-mm zone an S of 1.24 um in virgin
eyes and an S, of 2.03 pm in keratoconic eyes, where-
as we, in the central 2-mm zone, found an S of 0.64
pm in virgin eyes and an S of 0.98 pm in keratoconic
eyes with the Anterion and an § of 1.18 ym in virgin
eyes and an S of 1.37 pm in keratoconic eyes with the
Avanti, Table D (available in the online version of this
article) summarizes the literature findings of the repeat-
ability of ETM measurements in other studies.

We assume that 65 radial scans used by the An-
terion versus eight radial scans used by Avanti, as well
as the Anterion’s eye-tracking ability, are the likely
factors explaining the Anterion’s better repeatability
compared to the Avanti’s.

Using VHF ultrasound, Reinstein et al'*-% reported
central epithelial thickness of 53.4 = 4.6 pm in virgin
eyes® and 45.7 £ 5.9 pm in eyes with keratoconus.®
These measurements excluded the pre-corneal tear film
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thickness, whereas our measurements of the central epi-
thelial thickness in virgin eyes with the Avanti that in-
clude the tear film* showed 55.60 = 3.26 pm and the An-
terion showed only 51.59 = 3.27 um. The manufacturer
of the Anterior is neither claiming nor denying the inclu-
sion of the tear film (Sandro Gunkel, Heidelberg Engi-
neering, personal communication, November 19, 2021).

In both virgin and PLRS eyes, both devices mea-
sured a thicker epithelium inferiorly than superiorly
(Table 4 and Figures B-C), similar to other investiga-
tors, 22313334 Tp keratoconic eyes, both devices mea-
sured a thinner epithelium inferiorly than superiorly,
and the differences in thickness between the superior
and inferior sections were greater than for the other
two groups of eves (Table 4). In keratoconic eyes, the
thinnest part of the epithelium, measured by both
devices, was located in the inferior temporal section
within the 2- to 5-mm ring (Figure D), which is also
consistent with other researchers.’-*

Concerning the agreement between the Anterion and
the Avanti, the mean epithelial thickness for all sec-
tions in all three groups of eyes was significantly dif-
ferent: 3.74 = 2.33 pm (P < .001). We also calculated
the agreement for each of the 17 sections (Table C) and
showed maps of the difference between the measured
thicknesses of the two devices in all three groups of eyes
(Figures B-D), and we found a close correlation with
respect to the thickness distribution, This close correla-
tion results in registering similar recognizable ETM pat-
terns that are important in the diagnosis of pathologic
conditions in clinical practice. However, because one
of the main applications for epithelial thickness mea-
surement is keratoconus screening, where the thick-
nesses need to be measured on a scale of a few microns,
the precise difference between the two devices must be
known if their interchangeability is considered.

The Anterion and Avanti use their own proprietary
methods for their respective segmentation algorithms,
According to Heidelberg Engineering, their segmenta-
tion is looking for the highest intensity of the anterior
surface, which can provide the ability to reliably find
the underlying structure in a repeatable way (Sandro
Gunkel, Heidelberg Engineering, personal communica-
tion, November 19, 2021). Because the axial resolution
of the Anterion is limited to approximately 8 um, the
tear film cannot really be imaged/resolved, and that is
why it is uncertain whether the tear film is included
in the Anterion’s OCT measurements. The Avanti has
an axial resolution of approximately 5 pm and its ETM
measurements include the tear film.?

Both the Anterion and Avanti use Fourier domain de-
tection, but they feature different imaging wavelengths
and bandwidths, whereas the Anterion uses a tunable
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swept laser light source (center wavelength of 1,300
nm),*$% The Avanti uses broadband near-infrared super
luminescent diode as its light source (center wavelength
of 840 nm). This results in different lateral resolution (10
x 45 pm for the Anterion and 5 x 15 pm for the Avanti),
which presumably leads to different performance. Both
technologies record an interference spectrum that car-
ries the information of the sample, but 8S-OCT features
a light source that sweeps the wavelength in time and
SD-OCT uses a spectrometer for wavelength separation.
SS-OCT imaging features a denser scan pattern, due to
its higher acquisition speed, and a larger scan depth and
area, due to the use of a longer wavelength and reduced
sensitivity roll-off. Hence, SS-OCT may quickly acquire
the images of the whole anterior segment,*® whereas SD-
OCT provides higher contrast and resolution within a
shorter depth range. In addition, the Anterion features
real-time eye-tracking during the acquisition of multiple
B-scans, which allows precise alignment and enhanced
detail imaging.?! It appears that multiple factors may in-
fluence the repeatability of a device, such as axial resolu-
tion, image contrast and penetration rate, tracking, scan-
ning speed, and scanning density (lateral resolution/
data points). So, just by looking at the technical speci-
fications, one cannot decide which device is superior,
which emphasizes the importance of real-world clinical
evaluation studies.

Although our study included a total of 258 eyes, we
still did not have a sufficient sample size for our PLRS
eyes to divide them according to the type of treated re-
fractive error. Furthermore, we did not separately con-
sider patients with other conditions such as dry eye dis-
ease and epithelial basement membrane dystrophy. Such
considerations should be a subject for future studies.

We found that the repeatability of the ETM mea-
surements with the Anterion SS-OCT was higher than
with the Avanti SD-OCT in virgin, PLRS, and kerato-
conic corneas, However, the mean epithelial thickness
measurements of the Anterion were always thinner
than the Avanti’s, something that must be considered
if the devices are to be used interchangeably.
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Figure A. 17 sections and two rings used in the analysis of the measurements.

2-5mm ring TABLE A
il Specifications of the OCT Devices for ETM
L Device Anterion Avanti
Superior/
. SUPEFiOFI ' Superior Light source wavelength (nm) 1,300 840
M =l nasall ¢ A-scan speed (Hz) 50,000 70,000
§ = Axial resolution (um) <10 5
£ ) Transverse resolution (um) < 45 15
= - ~_
“Irifeiic s A-scan depth (mm) 14+0.5 3
temporal/ X nasal Maximum scan width [mm) 16.5 12
/ Inferior
/ \ B-scan 65 x 1 8x5
y 5-7 mm ring No. of A-scans per B-scan 256 1,024
Inferior — - -
ETM = epithelial thickness mapping; OCT = optical coherence tomography
The Anterion is manufactured by Heidelberg Engineering and the Avanti is

manufactured by Optovue.

Repeatability of ETM Measurements of All 17 Sections

TABLEB

Repeatability, S, (Repeatability Limit, r)

Virgin PLRS KC All
Parameter Anterion Avanti Anterion Avanti Anterion Avanti Anterion Avanti
Zone 0 to 2 mm
Central 0.64(1.77) 0.98(2.72) 0.60 (1.67) 0.75 (2.06) 1.15(3.19) 1.37(3.78) 0.91(2.52) 1.15 (3.19)
Ring 2 to 5 mm
Nasal 0.73 (2.03] 1.08(2.99) 0.85(2.35) 1.48 (4.10) 1.23(3.42) 1.32 (3.64) 1.02 (2.83) 1.27 (3.52)
Superior nasal 0.81(2.24) 1.18(3.26) 0.96 (2.65) 1.49 (4.12) 1.14(3.16) 1.28(3.56) 1.00 (2.77) 1.28 (3.55)
Superior 0.89 (2.46) 1.18(3.26) 0.81(2.25) 1.36 (3.76) 1.29 (3.56) 1.32(3.65) 1.09 (3.02) 1.27 (3.52)
Superior temporal  0.86 (2.37) 1.19 (3.30] 0.79 (2.19) 1.43(3.97) 1.00 (2.76) 1.72 [4.77) 0.91(2.52) 1.51 [4.18)
Temporal 0.73 (2.03) 1.14.(3.16) 0.87 (2.41) 1.41(3.91) 1.06 (2.95) 1.78 [4.94) 0.93 (2.58) 1.52 [4.21)
Inferior temporal  0.81 (2.25) 118 [3.12] 0.85(2.35) 1.49 (4.11) 1.16 (3.21) 1.71 (4.74) 1.00 (2.77) 1.49 [4.13)
Inferior 0.76 [2.11) 1.13 (3.14) 0.82(2.28) 1.07 (2.97) 1.24 (3.44) 1.37 (3.80) 1.03 (2.85) 1.24 (3.43)
Inferior nasal 0.69 (1.91) 1.08(2.98) 0.77 (2.14) 1.49 (4.13) 1.28 (3.56) 1.10 (3.06) 1.03 (2.85) 1.17 (3.24)
Ring 2 to 5 mm total 0.79 (2.18] 1.14(3.15) 0.84(2.33) 1.40 (3.88) 1.18(3.26) 1.45 (4.02) 1.00 (2.77) 1.34 (3.71)
Ring 5 to 7 mm
Nasal 0.96 (2.65) 1.03 (2.84) 1.57 (4.36) 2.40 (6.66) 1.30 (3.61) 1.72 (4.75) 1.25 (3.46) 1.67 [4.63)
Superior nasal 1.11(3.08] 1.25 (3.46) 1.43(3.97) 1.97 (5.44) 1.37(3.80) 1.90(5.27) 1.31 (3.63) 1.72 [4.76)
Superior 1.01 (2.80] 1.27(3.53) 2.05 (5.68) 1.70 (4.70) 1.50 (4.15) 1.99 (5.50) 1.47 [4.07) 1.71 [4.74)
Superior temporal 1.1 (3.07) 1.13 (3.14) 1.22 (3.39) 1.77 (4.89) 1.11(3.07) 1.60 (4.42) 1.13 (3.13) 1.49 (4.13)
Temporal 1.03 (2.85) 1.10 (3.05) 1.27(3.52) 1.95 (5.40) 1.20(3.33) 1.50 (4.16) 1.16 (3.21) 1.47 (4.07)
Inferior temporal ~ 0.99 (2.74) 0.96 [2.66) 1.07 (2.96) 1.93(5.34) 1.37(3.79) 1.56 (4.33) 1.20(3.32) 1.46 (4.04)
Inferior 1.02 (2.83) 1.20(3.32) 1.15(3.18) 1.74 (4.83) 1.76 (4.89) 1.50 (4.16) 1.44 (3.99) 1.45 (4.02)
Inferior nasal 0.86(2.39) 0.94 (2.60) 1.13(3.13) 2.20 (6.08) 1.24 (3.44) 1.04 (2.88) 1.10 (3.05) 1.29 (3.57)
Ring 5 to 7 mm total 1.01(2.80) 1.11(3.08) 1.36 [3.77) 1.96 (5.42) 1.36 (3.76) 1.60 [4.44) 1.26 (3.49) 1.53 [4.24)

deviation

ETM = epithelial thickness mapping; KC = keratoconus; PLRS = post-laser refractive surgery; Repeatability limit=2.77 xS ; S, = pooled within-subject standard
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TABLE D
Repeatability of ETM Measurements Reported by Previous Investigators
Repeatability, Sw ([Repeatability Limit, r) (pm)

Authors Virgin PLRS KC Diameter Instrument Used
Reinstein et al? - 0.58 (1.61) - Corneal vertex  VHF-ultrasound Artemis
- 0.43101.36 (11910 3.77)  Central 6 mm - -
Ma et al22 0.70 (1.94) - - Central 2mm  Optovue RT-100 SD-OCT
0.7 to 0.9 (1.94 to 2.49) - - 4to 6 mm -
Sedaghat et al% 1.73 (4.79) 4.50 (12.47) - Central 7 mm Avanti SD-0CT
Vega-Estrada et al* 1.24 (3.43) - 2.03 (5.62) Central 3 mm MS 39 SD-OCT

ETM = epithelial thickness mapping; KC = keratoconus; OCT = optical coherence tomography; PLRS = post-laser refractive surgery; Repeatability limit = 2.77 xS; S, =
pooled within-subject standard deviation

A

T ) £ 54824345 55,60+3.26

Figure B. Mean epithelial thickness mapping for the (A) Anterion (Heidelberg Engineering) and (B) Avanti (Optovue, Inc) between the two devices in
virgin eyes over the central 7-mm diameter. N = nasal; S = superior; T = temporal; | = inferior; Unit: um
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|

Figure C. Average epithelial thickness mapping for the (A) Anterion (Heidelberg Engineering) and (B) Avanti (Optovue, Inc) between the two devices in
post-laser refractive surgery eyes over the central 7-mm diameter. N = nasal; S = superior; T = temporal; | = inferior; Unit: um
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Figure D. Average epithelial thickness mapping for the (A) Anterion (Heidelberg Engineering) and (B) Avanti (Optovue, Inc), and differential mapping (C)
between the two devices in keratoconic eyes over the central 7-mm diameter. N = nasal; S = superior; T = temporal; | = inferior; Unit: gm
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A Agreement of ETM between Avanti and Anterion
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Figure E. Bland-Altman plots of virgin eyes, showing the difference in epithelial thickness measurements
(ETM) (Avanti [Optovue, Inc] — Anterion [Heidelberg Engineering]), as a function of the mean epithelial thick-
ness of both devices in the (A) central 2-mm zone, (B) 2- to 5-mm, and (C) 5- to 7-mm diameter rings,
respectively. The red lines represent the mean difference; green lines represent the limits of agreement. SD

= standard deviation; unit = um
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Figure F. Bland-Altman plots of post-laser refractive surgery (PLRS) eyes, showing the difference in epithelial
thickness measurements (ETM) (Avanti [Optovue, Inc] — Anterion [Heidelberg Engineeringl), as a function of
the mean epithelial thickness of both devices in the (A) central 2-mm zone, (B) 2- to 5-mm, and (C) 5- to
7-mm diameter rings, respectively. The red lines represent the mean difference; green lines represent the
limits of agreement. SD = standard deviation; unit = um
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A Agreement of ETM between Avanti and Anterion
in Central 2 mm in KC eyes
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Figure G. Bland-Altman plots of keratoconic (KC) eyes, showing the difference in epithelial thickness measure-
ments (ETM) (Avanti [Optowe, Inc] — Anterion [Heidelberg Engineering]), as a function of the mean epithelial
thickness of both devices in the (A) central 2-mm zone, (B) 2- to 5-mm, and (C) 5- to 7-mm diameter rings,
respectively. The red lines represent the mean difference; green lines represent the limits of agreement. SD =
standard deviation; unit = pym
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Paper 3

Epithelial Thickness Mapping in Keratoconic Corneas:
Repeatability and Agreement Between CSO MS-39,
Heidelberg Anterion and Optovue Avanti OCT Devices
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ORIGINAL ARTICLE

Epithelial Thickness Mapping in Keratoconic
Corneas: Repeatability and Agreement
Between CS0O MS-39, Heidelberg Anterion,
and Optovue Avanti OCT Devices

Yue Feng, MD, MSc; Dan Z. Reinstein, MD, DABO, FRCOphth; Tore Nitter, MD, PhD;
Timothy J. Archer, MA(Oxon) DipCompSci (Cantab), PhD; Colm McAlinden, MD, PhD,
Geir Bertelsen, MDD, PhD; Aleksandar Stojanovic, MD, PhD

ABSTRACT

PURPOSE: To assess repeatability and agreement of corneal
epithelial thickness mapping in eyes with keratoconus using
three optical coherence tomography [OCT) devices featuring
different technologies: spectral-domain (SD) OCT combined
with Placido disk corneal topography (MS$-39), swept-source
OCT [Anterion), and SD-OCT (Avanti).

METHODS: Three consecutive measurements were acquired
with the three devices in 60 eyes with keratoconus. The mean
epithelial thickness was calculated in the central 2-mm zone
and in 2- to 5-mm and 5- to 7-mm diameter rings. The re-
peatability was calculated using pooled within-subject stan-
dard deviation (S ). The agreement was assessed by paired ¢
tests and Bland-Altman plots.

s its first cellular layer and refractive medium,
Athe corneal epithelium has an important role in
smoothing the ocular surface by actively grow-
ing thicker over stromal divots and becoming thinner
over bumps, a phenomenon described as epithelial re-
modeling.! In this way, the epithelium regularizes the
corneal refractive properties and, in most cases, leads
to less corneal astigmatism, less prolate asphericity,
and fewer higher order aberrations?? compared to the
same parameters measured on the stromal surface. The
epithelium also decreases the eye’s refractive power
by simply increasing the corneal radius of curvature
by the amount of its thickness.* Due to eyelid blinking
mechanics, a slightly non-uniform epithelial thick-
ness profile is induced in normal virgin eyes.®
Keratoconus is a progressive ectatic disease with
localized biomechanical failure, which leads to a lo-
cal protrusion and can lead to significant visual im-
pairment due to irregular corneal optics.®” The local
protrusion causes intense epithelial remodeling, re-
sulting in a donut-shaped epithelial pattern consisting
of a compensatory thinning over the protruding part
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RESULTS: The repeatability (S, ) of the epithelial thickness for the
central 2-mm zone was 0.91, 0.71, and 0.93 pm for the MS-39,
Anterion, and Avanti, respectively. All thicknesses with the MS-39
were greater than those of the Anterion and Avanti, with mean dif-
ferences 0f4.11+ 1.34um (P<.001) and 0.52 + 1.30 um (P=.003),
respectively. The 95% limits of agreement were 1.484 to 6.736 pm
for the MS-39 and Anterion, -3.048 to 2.028 um for the Avanti and
MS-39, and 1.258 to 5.922 pm for for the Avanti and Anterion.

CONCLUSIONS: Epithelial thickness mapping results were
most repeatable with the Anterion, followed by the MS-39 and
Avanti. The MS-39 gave the thickest values, followed by the
Avanti and Anterion. The differences were significant, making
the devices not interchangeable for epithelial thickness map-
ping in eyes with keratoconus.

[J Refract Surg. 2023;3917):474-480.]

(cone) and a surrounding annulus of thicker epithe-
lium.? One study also found that an overall epithelial
thickness increase may be an early sign of keratoco-
nus.? Epithelial thickness mapping (ETM) has become
an important tool for the early diagnosis of keratoco-
nus,1#1% revealing the specific epithelial thickness
pattern that hides the underlying stromal changes.
Hence, the ETM may be thought of as an imprint of
the protruding stromal surface from underneath the
moldable epithelial tissue. ETM was pioneered by Re-
instein et al in 1994,*% and they have described “epi-
thelial remodeling” across the whole cornea in eyes
with keratoconus'® using very high-frequency (VHF)
digital ultrasound scanning (Artemis Insight 100; Arc-
Scan, Inc). Since then, ETM has also become indis-
pensable in therapeutic refractive surgery, assisting
in analyzing irregular corneal optics!® and identifying
alternative treatment options. The epithelial thinning
level over the cone has been used as a follow-up pa-
rameter to determine the progression of keratoconus
before considering corneal cross-linking (CXL) and in
evaluating its effect.
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Optical coherence tomography (OCT)-based ETM
appeared much later (2011),*° without surpassing VHF
digital ultrasound scanning in terms of repeatability, but
it has become the most prevalent technology in current
clinical practice due to its speed and ease of use. The
first commercially available OCT-based instrument was
the Optovue RT-100 (Optovue, Inc), featuring spectral-
domain (SD) OCT technology, providing 6-mm diameter
ETM, later replaced by a 9-mm ETM device (Avanti),
which became the most commonly used ETM device.!*

The more recently introduced swept-source (SS)
OCT technology has a light source of longer wave-
length than SD-OCT, allowing greater image depth
and high-contrast imaging of the entire anterior seg-
ment.'* The Anterion (Heidelberg Engineering) and
Casia 2 (Tomey Corporation) are high-resolution ante-
rior segment OCT devices featuring SS-OCT technol-
ogy.1® We recently reported the repeatability of ETM
with the Anterion and its agreement with the Avanti
for three different diagnostic groups (virgin, post-laser
vision correction, and keratoconic eyes).!?

The MS-39 (CSO) employs hybrid technology, com-
bining SD-OCT with Placido disk imaging. It was re-
leased in 2018 and has been used for anterior segment
imaging including ETM. So far, three studies'®?? have
investigated its repeatability for ETM, but no compari-

son with other devices was done. In the current study,
we compared the repeatability and agreement between
the MS-39 SD-OCT, Anterion SS-OCT, and Avanti SD-
OCT. For data obtained by the MS-39, we used the
manufacturer’s recommended scanning mode (12 x 5
@ 10 mm), which has not been validated previously.

PATIENTS AND METHODS

Seventy-eight consecutive patients with keratoco-
nus were examined at the eye department of the Uni-
versity Hospital of North Norway. All examinations
were performed between March and December 2021.
Inclusion criteria were: age 16 years or older; diagno-
sis of keratoconus; and spherical equivalent of myopia
of 8.00 diopters (D) or less. Exclusion criteria were:
history of previous ocular surgery (except for CXL);
patients with conjunctival, limbal, or corneal disease
(except for keratoconus); poor fixation or inability to
complete the examination; and use of rigid gas perme-
able contact lens within 2 weeks of the examination
day. One of each patient’s eyes was randomly selected
in patients where both eyes met the inclusion criteria;
in cases where only one eye met the inclusion criteria,
this eye was selected. Only one eye of each patient
was used to avoid statistical bias, and, finally, 60 eyes
of 60 patients were included.
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Age, sex, and personal and family history of eye dis-
eases were registered. Refraction, visual acuity, standard
ophthalmological examination with slit-lamp examina-
tion, and funduscopy were performed before ETM mea-
surements. This prospective study was approved by the
Norwegian Regional Committee for Medical & Health
Research Ethics (REK Nord 72084) and complied with
the tenets of the Declaration of Helsinki. All patients
provided informed consent for the anonymous use of
their data in scientific analyses and publications.

EPITHELIAL THICKNESS MEASUREMENTS

The measurements with the three devices were ob-
tained in a random order according to a randomized
list generated by Microsoft Excel 2016 (Microsoft Cor-
poration). Three consecutive measurements were tak-
en with each device. All measurements with all three
devices were acquired within 10 minutes between 10
AM and 2 PM.

Patients were asked to fixate on the fixation target while
the examiner centered the OCT scan on the corneal vertex.
Patients were instructed to blink immediately before each
measurement and to keep their eyes wide open during the
measurement. No eye drops were applied during testing.

The MS-39 (Phoenix software, v.4.1.1.5) uses a super
luminescent diode at 845 nm as the illumination source
for SD-OCT and a super luminescent diode at 635 nm
for Placido disk. The “Corneal topography” mode “12 x
5 @10 mm” was used in this study because it provides a
higher resolution than the “25 x 1 @16 mm” mode, which
has been used in previous studies.'®*° Data for the anterior
surface from the Placido image and the elevation data of
the anterior surface from OCT data are merged, using a
proprietary method. After the acquisition, the MS-39 cal-
culates the epithelial thickness within the 8-mm diameter
and provides ETM, divided into a total of 25 sections.

The Anterion SS-OCT (software version 2.5.2) gen-
erates images using a laser light source of 1,300 nm
wavelength and an active eye-tracker. It performs 65
radial scans with 256 A-scan lines centered on the cor-
neal vertex within a 7-mm diameter.

The Avanti SD-OCT (software version 6.11.0.12)
generates images using a SLed light source of 840 nm.
ETM and the corneal pachymetry maps are divided
into a total of 25 sections over a 9-mm diameter. The
mean epithelial thickness of each section is presented.

Forall three devices, the user may measure the epithe-
lium thickness at any point on the map by mouse point-
ing. To compare the three devices, the mean values of
the same 17 sections (including the central 2-mm zone)
within a 7-mm diameter, as well as for the whole 2- to
5-mm and 5- to 7-mm rings, were calculated (Figure A
available in the online version of this article). The tech-
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nical specifications of the devices are summarized in
Table A (available in the online version of this article)

STATISTICAL ANALYSIS

We used vertically mirrored symmetry superimposi-
tion so that nasal/temporal characteristics could be com-
bined.* To assess the repeatability, we calculated the
pooled within-subject standard deviation (S_) (lower val-
ues of 8 indicate better repeatability).” The repeatability
limit (r), defined as 1.96 \/2 x 8 _ (= 2.77 x §,), gives the
value below which the absolute difference between two
measurements of S would lie with 0.95 probability.*

To assess the agreement, we calculated the following
parameters: difference in thickness readings; the 95%
limits of agreement (LoA), defined as the mean differ-
ence in thickness = 1.96 x standard deviation; and paired
two-tailed f tests. Bland-Altman plots were generated to
visualize the agreement between any two devices.

Data were entered into Microsoft Excel 2016 and
then imported into statistical software (SPSS v25; [BM
Corporation). A P value of less than .05 was consid-
ered to be statistically significant.

SAMPLE SIZE ESTIMATION

To achieve a 15% confidence in the estimate 719 the
required sample size is 43.2% The current study com-
prised 60 eyes (n = 60), which gives 12% confidence.

RESULTS
This study evaluated 60 eyes (34 right eves and 26
left eyes) of 60 patients (mean = standard deviation age:
30.04 = 9.50 years; range: 16 to 57 years; 50 men and 10
women) for both repeatability and agreement analyses.

REPEATABILITY

The repeatability of the measurements was calculated
for the 17 sections, as well as for the 2- to 5-mm, and 5-
to 7-mm diameter rings (Table B, available in the online
version of this article). Within the central 2-mm zone, S |
was 0.91 pm for the MS-39, 0.71 pm for the Anterion,
and 0.93 pum for the Avanti. For the 2- to 5-mm diameter
ring, the S range was 0.53 to 1.62 pm for the MS-39,
0.81 to 0.99 pm for the Anterion, and 1.04 to 1.68 pm
for the Avanti. For the 5- to 7-mm diameter ring, the S
range was 0.73 to 1.79 pm for the MS-39, 0.86 to 1.59 pm
for the Anterion, and 0.75 to 1.79) pm for the Avanti.

AGREEMENT BETWEEN MS-39, ANTERION, AND AVANTI

The mean difference in epithelial thickness, the
95% LoA values, and paired, two-tailed t test P values
were calculated for the 17 sections, the 2- to 5-mm and
5- to 7-mm diameter rings, and the total measured area
(Table C, available in the online version of this article).
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Figure 1. Average epithelial thickness mapping for the (A] MS-39 (CS0), (B) Anterion (Heidelberg Engineering), and (C) Avanti [Optovue, Inc) within
the central 7-mm diameter. | = inferior; N = nasal; S = superior; T = temporal; unit: pm

A B

Figure 2. Differential mappings between each two devices within the central 7-mm diameter. [A) MS-39 - Anterion; (B) Avanti - MS-39; (C) Avanti
- Anterion. The Avanti is manufactured by Optovue, Inc, the Anterion is manufactured by Heidelberg Engineering, and the MS-39 is manufactured

by CSO. | = inferior; N = nasal; S = superior; T = temporal; unit: ym

The MS-39 measured significantly thicker epithelium
than the Anterion in all sections, with a mean difference
ranging from 3.37 to 4.91 ym (P < .001 for all). It also mea-
sured slightly thicker epithelium than the Avanti in all
17 sections except in the inferior section within the 2- to
5-mm ring, with a mean difference 0f 0.52 = 1.30 pm (P =
.003). Overall, the Anterion measured the thinnest, MS-39
the thickest, and the Avanti was in between.

The 95% LoAs were 1.484 and 6.736 pm for the MS-
39 and Anterion, -3.068 and 2.028 pm for the Avanti and
MS-39, and 1.258 and 5.922 pm for the Avanti and An-
terion. The mean ETMs for the three devices are shown
in Figure 1, and maps of the difference between the de-
vices are shown in Figure 2. Bland-Altman plots for the
agreement for the three pairs of devices are shown in
Figures B-D (available in the online version of this arti-
cle). For all three pairs of devices, the difference between
the upper and lower 95% LoA was greater in the central
2-mm zone than in the 2- to 5-mm and 5- to 7-mm rings.

DISCUSSION

We compared repeatability of the MS 39 hybrid (SD-
OCT + Placido disk) device with the SS-OCT Anterion

Journal of Refractive Surgery ¢ Vol. 39, No. 7, 2023

and the SD-OCT Avanti in a group of 60 eyes with kera-
toconus. We also assessed the agreement between the
three devices. The repeatability (S) values in the cen-
tral 2-mm zone and 2- to 5-mm ring (Table B) were 0.91
and 1.06 pm for the MS-39, which was slightly worse
than 0.71 and 0.91 pm for the Anterion but slightly bet-
ter compared to 0.93 and 1.28 pm for the Avanti.
Repeatable corneal epithelial thickness measurements
are important for the management of keratoconus,"*'* as
well as for safe corneal refractive surgery. The first ETM
measurements by Reinstein et al with the Artemis VHF
digital ultrasound showed S : 0.43 to 1.36 pm in 90%
of the locations within the central 6-mm diameter after
five consecutive measurements of 10 eyes 1 year after
LASIK.** The repeatability should also be considered in
the context of the measurement resolution of the device;
VHF digital ultrasound can measure the epithelial thick-
ness with less than 1 pm resolution, whereas OCT de-
vices have a resolution of closer to 3.6 pm for the MS-39,
8 pm for the Anterion, and 5 pm for the Avanti.
Introduced 17 years later than the Artemis, the SD-
OCT Optovue RT-100 has shown good repeatability and
reproducibility of ETM in normal and not normal eyes
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(dry eye syndrome, contact lens wear, post-laser refrac-
tive surgery, and keratoconic).1%?%2¢ Ma et al*” reported
that the Avanti produced excellent repeatability and
reproducibility for ETM measurements up to a 9-mm
zone in normal eyes and eyes with different corneal
conditions, showing S_: 1.4 to 2.3 um in 14 eyes with
keratoconus. Lu et al*® measured ETM with the Avanti
within a 7-mm diameter, showing S_: 1.31 to 2.43 pm
in eyes with mild keratoconus and 8_: 1.90 to 3.89 um
in eyes with advanced keratoconus, whereas the cur-
rent study found better repeatability of ETM measured
with the Avanti, 8_: 0.75 to 1.68 ym, and Anterion, 8_:
0.71 to 1,59 pm within a 7-mm diameter in our group of
60 eyes with keratoconus. These results were consistent
with the repeatability that we recently reported for the
Avanti, S : 0.75 to 1.96 pm, and Anterion, S_: 0.60 to
1.36 pm in eyes with keratoconus.?”

Using the MS-39 in eyes with keratoconus, Vega-
Estrada et al**found an S of 1.24 pm in the central
3-mm zone and ranges of 1.16 to 1.69 pm in the 3- to
6-mm ring and 1.42 to 2.70 pm in the 6- to 8-mm ring.
Schiano-Lomoriello et al*® reported an 8 of 1.57 pm
in the central 3-mm zone in eyes with keratoconus
with the MS-39. The current study showed better re-
peatability with the MS-39 with an §  of 0.91 ym in
the central 2-mm zone, and S ranges of 0.53 to 1.62
pm in the 2- to 5-mm and 0.73 to 1.79 pm in the 5- to
7-mm ring, which were better than the results from the
two mentioned studies. Table D (available in the on-
line version of this article) summarizes the literature
findings on the repeatability of ETM studies.

We assume that 65 radial scans used by the An-
terion versus the 12 radial scans used by the MS-
39 and 8 radial scans used by the Avanti (both re-
peated five times for each meridian), as well as the
Anterion’s eye-tracking ability, are the likely factors
explaining the better repeatability with the Anterion.
We hypothesize that the repeated, wider-spread ra-
dial scans used by both the MS-39 and Avanti do not
compensate for the denser coverage of the Anterion
(Table A).

Concerning the agreement between any two devices,
the epithelium measured by the MS-39 was significant-
ly thicker than with the Anterion and slightly thicker
than with the Avanti, whereas the measurements with
the Anterion were significantly thinner than with the
Avanti (Table D, Figures 1-2). The agreement between
the Anterion and Avanti was consistent with the results
we recently reported, with the Anterion measuring sig-
nificantly thinner epithelium than the Avanti, with a
mean difference of 3.68 = 2.51 pm (P < .001).17

The three OCT devices use their own proprietary meth-
ods for their respective segmentation algorithms, and they
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treat differently the inclusion of the tear film in their ETM
measurements. Corneal epithelial thickness measured by
VHF ultrasound excludes the pre-corneal tear film thick-
ness.! According to their respective manufacturers, the
MS-39 measures the distance between the tear film layer
and Bowman’s layer, whereas the Anterion is “looking
for the highest intensity of the anterior surface, which can
provide the ability to reliably find the underlying struc-
ture in a repeatable way.” The Avanti’s manufacturer
claims that its ETM measurements include the tear film.?®

The CSO designers deemed it necessary to equip
their SD-OCT device with a Placido disk and combine
high-quality anterior curvature data with OCT-derived
elevation data, to achieve the best possible resolution
of the anterior surface morphology. However, conver-
sion of curvature to elevation may be subject to errors
inherent to the arc-step method.

All three devices use Fourier-domain detection, but
they feature different imaging wavelengths and band-
widths. Although the Anterion uses a tunable swept la-
ser light source (wavelength: 1,300 nm),*® the Avanti and
MS-39 use a broadband near-infrared SLed as their light
source (wavelength: 840 nm and 845 nm, respectively).
This results in different transversal and axial resolutions
(3.6 x 35 pm for MS-39, 10 x 45 pm for Anterion, and 5
x 15 pm for Avanti), which presumably leads to differ-
ent performance. Both SS-OCT and SD-OCT technologies
record an interference spectrum that carries the informa-
tion of the sample, but SS-OCT features a light source that
sweeps the wavelength in time, whereas SD-OCT uses a
spectrometer for wavelength separation. SS-OCT imaging
features a denser scan pattern, due to its higher acquisition
speed, as well as a larger scan depth, due to the use of a
longer wavelength and reduced sensitivity roll-off. Hence,
SS-OCT may quickly acquire the images of the whole ante-
rior segment,*® whereas SD-OCT provides higher contrast
and resolution within a shorter depth range. In contrast
to the other two devices, the Anterion features real-time
eye-tracking during the acquisition of multiple B-scans,
which allows precise alignment and enhanced detailed
imaging.!® For a given cornea, it appears that multiple fac-
tors may influence the repeatability of a device, such as
axial resolution, image contrast, penetration rate, tracking,
scanning speed, and scanning density. So, just by looking
at the technical specifications, one cannot decide which
device is superior, which emphasizes the importance of
clinical evaluations.

As shown in Table A, the Anterion takes 0.33 sec-
ond, followed by the Avanti with 0.58 second and
the MS-39 with 1 second for acquisition. Concerning
patient comfort, the red Placido rings lighting during
the acquisition with the MS-39 may often cause the
patient to blink, Overall, the Anterion has the advan-
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tage of a shorter acquisition time and no issue with
eye blinking, making it a more patient-friendly option.
Data within a 7-mm diameter were analyzed because
all three devices covered that area (the maximum for
Anterion, 1 mm off the maximum for MS-39, and 2 mm
off the maximum for Avanti). Different coverage of the
devices should be considered when comparing their
clinical applicability, but there is no indication that
this could affect our repeatability results within 7 mm.
A clinician will definitely recognize the same patterns
on the ETMs of the three devices, which may be suffi-
cient in most cases when used for diagnostics, but if used
for surgical planning or scientific work, then the mea-
surements of the three devices cannot be interchanged.
Due to the complex relationship between the measure-
ments, using a simple conversion factor is not advisable.
We found that the repeatability of the ETM measure-
ments in eyes with keratoconus was high for all three
devices, but the agreement between them was low. The
repeatability with the MS-39 was slightly worse than
with the Anterion, but better than with the Avanti. The
mean epithelium thicknesses measured with the three
devices were significantly different, making them not
interchangeable for ETM in eyes with keratoconus.

AUTHOR CONTRIBUTIONS
Study concept and design (GB, AS); data collection
(YF); analysis and interpretation of data (YF, DZR, TN,
TJA, CM, AS); writing the manuscript (YF); critical re-
vision of the manuscript (DZR, TN, TJA, CM, GB, AS);
statistical expertise (CM); administrative, technical, or
material support (TJA); supervision (DZR, TN, GB, AS)

REFERENCES
1. Reinstein DZ, Archer T], Gobbe M. Comeal epithelial thickness
profile in the diagnosis ofkeratoconus. J Refractive Surg. 2009;25:
604-610. https://doi.org/10.3928/1081597X-20090610-06

2. ZhouW, Reinstein DZ, Archer TJ, Chen X, Utheim TP, Feng Y,
Stojanovic A. Intraoperative swept-source OCT-based corneal
topography for measurement and analysis of stromal surface
after epithelial removal. J Refractive Surg. 2021;37:484-492.

3. Reinstein DZ, Silverman RH, Sutton HF, Coleman DJ. Very
high-frequency ultrasound corneal analysis identifies ana-
tomic correlates of optical complications of lamellar refrac-
tive surgery: anatomic diagnosis in lamellar surgery. Oph-
thalmology.  1999;106(3):474-482.  https://doi.org/10.1016/
50161-6420(99)90105-7 PMID: 10080202

4. Simon G, Ren (), Kervick GN, Parel JM. Optics of the corneal
epithelium. Refract Corneal Surg. 1993;9(1):42-50. https://doi.
org/10.392 8/1081-597X-19930101-10 PMID:8481372

5. Reinstein DZ, Silverman RH, Coleman DJ. High-frequency
ultrasound measurement of the thickness of the corneal epi-
thelium. Refract Corneal Surg. 1993;9(5):385-387. https://doi.
org/10.3928/1081-597X-19930901-12 PMID:8241045

6.  Rabinowitz YS, Keratoconus. SurvOphthalmol. 1998:42(4):297-319.
https://doi.org/10.1016/80039-625 7(97)00119-7 PMID:9493273

7. Padmanabhan P, Lopes BT, Eliasy A, Abass A, Elsheikh A, In
vivo biomechanical changes associated with Keratoconus pro-

Journal of Refractive Surgery « Vol. 39, No. 7, 2023

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

gression, Curr Eye Res. 2022;47(7):982-986. https://doi.org/10.
1080/02713683.2022.2058020 PMID:35385372

Kanellopoulos AJ, Aslanides IM, Asimellis G. Correlation be-
tween epithelial thickness in normal corneas, untreated ectatic
corneas, and ectatic corneas previously treated with CXL: is
overall epithelial thickness a very early ectasia prognostic fac-
tor? Clin Ophthalmel. 2012:6:789-800. https://doi.org/10.2147/
OPTH.831524 PMID:22701079

Silverman RH, Urs R, Roychoudhury A, Archer TJ, Gobbe M, Rein-
stein DZ, Epithelial remodeling as basis for machine-based identifi-
cation of keratoconus, Invest Ophthalmol Vis Sei. 2014;55(3):1580-
1587. https://doi.org/10.1167/i0vs.13-12578 PMID:24557351

Li Y, Tan O, Brass R, Weiss JL, Huang D. Corneal epithelial
thickness mapping by Fourier-domain optical coherence to-
mography in normal and keratoconic eyes. Ophthalmol-
ogy. 2012:119(12):2425-2433. https://doi.org/10.1016/j.0ph-
tha.2012.06.023 PMID:22917888

Reinstein DZ, Gobbe M, Archer TJ, Silverman RH, Coleman DJ.
Epithelial, stromal, and total corneal thickness in keratoconus:
three-dimensional display with Artemis very-high frequency
digital ultrasound. J Refractive Surg. 2010;26:259-271, https://
doi.org/10.3928/1081597X-20100218-01

Haque 8, Jones L, Simpson T. Thickness mapping of the cor-
nea and epithelium using optical coherence tomography.
Optom Vis Sei. 2008;85:E963-E976. https://doi.org/10.1097/
OPX.0b013e318188892¢

Reinstein DZ, Archer TJ, Dickeson ZI, Gobbe M. Transepithe-
lial phototherapeutic keratectomy protocol for treating irregu-
lar astigmatism based on population epithelial thickness mea-
surements by Artemis very high-frequency digital ultrasound.
J Refractive Surg. 2014;30:380-387, https://doi.org/10.3928/10
81597X-20140508-01

El Wardani M, Hashemi K, Aliferis K, Kymionis G. Topographic
changes simulating keratoconus in patients with irregular infe-
rior epithelial thickening documented by anterior segment op-
tical coherence tomography. Clin Ophthalmol. 2019;13:2103-
2110. https://doi.org/10.2147/OPTH.5208101 PMID:31802839

Shoji T, Kato N, Ishikawa 8, et al. In vivo crystalline lens mea-
surements with novel swept-source optical coherent tomogra-
phy: an investigation on variability of measurement. BMJ Open
Ophthalmol. 2017;1(1):e000058. https://doi.org/10.1136/bm-
jophth-2016-000058 PMID:29354706

Asam J8, Polzer M, Tafreshi A, Hirnschall N, Findl O. Ante-
rior segment OCT. In: Bille JF, ed. High Resolution Imaging in
Microscopy and Ophthalmology: New Frontiers in Biomedical
Optics. Springer; 2019:285-299. https://doi.org/10.1007/978-3-
030-16638-0_13

Feng Y, Reinstein DZ, Nitter T, Archer TJ, McAlinden C, Chen
X, Bertelsen G, Utheim TP, Stojanovic A. Heidelberg Anterion
swept-source OCT corneal epithelial thickness mapping: re-
peatability and agreement with Optovue Avanti. J Refractive
Surg. 2022;38:356-363.

Vega-Estrada A, Mimouni M, Espla E, Ali6 Del Barrio J, Ali6 JL.
Corneal epithelial thickness intrasubject repeatability and its
relation with visual limitation in keratoconus. Am ] Ophthal-
mol. 2019;200:255-262. https://doi.org/10.1016/].4j0.2019.01.015
PMID:30689987

Schiano-Lomoriello D, Bono V, Abicca [, Savini G. Repeatabil-
ity of anterior segment measurements by optical coherence to-
mography combined with Placido disk corneal topography in
eyes with keratoconus. Sci Rep. 2020;10(1):1124. https://doi.
org/10.1038/541598-020-57926-7 PMID: 31980662

Savini G, Schiano-Lomoriello D, Hoffer KJ. Repeatability of
automatic measurements by a new anterior segment optical co-
herence tomographer combined with Placido topography and
agreement with 2 Scheimpflug cameras. f Cataract Refract Surg.

479

110



21.

22,

23,

24,

25,

480

2018;44(4):471-478. https://doi.org/10.1016/jjcrs.2018.02.015
PMID:29705008

Zhou W, Stojanovic A. Comparison of corneal epithelial
and stromal thickness distributions between eyes with kera-
toconus and healthy eyes with corneal astigmatism = 2.0 D.
PLoS One. 2014;9(1):e85994, https://doi.org/10.1371/journal.
pone.0085994 PMID:24489687

Bland JM, Altman DG. Measurement error. BMJ. 1096:313(7050):744.
https://dDi.DI‘g/lO.llSGfbmj.313.7059.744 PMID:8819450

McAlinden C, Khadka J, Pesudovs K. Precision (repeatabil-
ity and reproducibility) studies and sample-size calculation.
J Cataract Refract Surg. 2015:;41(12):2598-2604. https://doi.
org/10.1016/j.jcrs.2015.06,029 PMID: 26796439

Reinstein DZ, Archer TJ, Gobbe M, Silverman RH, Coleman DJ.
Repeatability of layered corneal pachymetry with the Artemis
very high-frequency digital ultrasound arc-scanner. | Refrac-
tive Surg. 2010;26:646-659. https://doi.org/10.3928/108159
7X-20091105-01

Ma XJ, Wang L, Koch DD. Repeatability of corneal epithe-
lial thickness measurements using Fourier-domain opti-
cal coherence tomography in normal and post-LASIK eyes.
Cornea. 2013;32(12):1544-1548.  https://doi.org/10.1097/
ICO.0bo13e3182a7f39d PMID:24145634

26,

27.

28.

29.

30.

Sella R, Zangwill LM, Weinreb RN, Afshari NA. Repeatability
and reproducibility of corneal epithelial thickness mapping
with spectral-domain optical coherence tomography in normal
and diseased cornea eyes. Am J Ophthalmol. 2019;197:88-97.
https://doi.org/10.1016/}.aj0.2018.09.008 PMID:30240724

Ma JX, Wang L, Weikert MP, Montes de Oca I, Koch DD,
Evaluation of the repeatability and reproducibility of corneal
epithelial thickness mapping for a 9-mm zone using optical
ccherence tomography. Cornea. 2019;38(1):67-73. https://doi.
Drg/lO.1097/IC0.0000000000001806 PMID:30379719

Lu NJ, Chen D, Cui LL, Wang L, Chen SH, Wang QM. Repeat-
ability of cornea and sublayer thickness measurements using
optical coherence tomography in corneas of anomalous refrac-
tive status. ] Refract Surg. 2019;35:600-605. https://doi.org/10.
3928/1081597%-20190806-03

Azartash K, Kwan ], Paugh JR, Nguyen AL, Jester JV, Gratton
E. Pre-corneal tear film thickness in humans measured with a
novel technique. Mol Vis. 2011;17:756-767. PMID:21527997

Aumann 8, Donner 8, Fischer J, Miiller F. Optical coherence
tomography (OCT): principle and technical realization. In:
Bille JF ed, High Resolution Imaging in Microscopy and Oph-
thalmology: New Frontiers in Biomedical Optics. Springer;
2019:59-85.

111



S

w- ~_ |2-5mmring
o

- e
/% Superior %
> £\
O @ ~L % ™\
& N\
/'/;‘)Q ¢ i 2.8\
/ O Superior %0\

Superior Superior \ A
’/ £ temporal{ Il nasal X \
[ = [ 4 \ i
| é \:Temporal\:Cemralzmm} Nasal \Nasal‘
\\ < \ A Vs / |

\ \ / / /
\ e N e /
< Inferior /™ Inferior /

C \ temporal nasal // 7
N .
\ 6%, \. Inferior 7S
Ry §
\ o on & >/

\ A ~

(o ley
B
T

& @
\ — N =
J _ &
N Inferior Y
L %

Figure A. Epithelial thickness mapping 17 sections and two rings used in the analysis of the
measurements.

Table A
Technical Specifications of the Three Devices for ETM
Parameter MS-39 Anterion | Avanti
. OCT: 845

Light source wavelength (nm) Placido: 635 1300 840
A-scan speed 102,400 50000 70000
Axial resolution (um) 3.6 <10 5
Transverse resolution (um) 35 <45 15
A-gcan depth (mm) 7.5 14 3
Maximum Scan width (mm) 16 16.5 12
B scan 10 x 52 65 x 1 8§ x5
Number of A-scans per B-scan 1024° 256 1024
Acquisition time (s) 1 0.33 0.58
ETM = epithelial thickness mapping; OCT = optical coherence
tomography
“Customized in this study as recommended by the manufacturer.
1600 A-scan on 16 mm and 800 A-scan on 8 mm.
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Table B
Repeatability of ETM (um) Measurements of the Three Devices

Repeatability, S.

(Repeatability Limit, r)? MS-39 Anterion Avanti

Zone 0 to 2mm
Central 0.91(2.53) 0.71 (1.97) 0.93 (2.59)

Ring 2- to 5-mm
Nagal 0.53 (1.46) 0.81 (2.24) 1.11 (3.08)
Superior nasal 0.97 (2.68) 0.90 (2.43) 1.22 (3.39)
Superior 0.90 (2.49) 0.99 (2.73) 1.15 (3.18)
Superior temporal 1.13(3.12) 0.98 (2.72) 1.04 (2.89)
Temporal 1.27 (3.52) 0.94 (2.59) 1.68 (4.65)
Inferior temporal 1.62 (4.48) 0.92 (2.56) 1.45 (4.00)
Inferior 1.39 (3.84) 0.91 (2.53) 1.33 (3.69)
Inferior nasal 0.72 (1.98) 0.82(2.29) 1.28 (3.55)
Ring 2-5 mm total 1.06 (2.95) 0.91 (2.52) 1.28 (3.55)

Ring 5- to 7-mm
Nasal 0.80 (2.22) 0.86 (2.39) 1.11 (3.07)
Superior nasal 1.36 (3.76) 1.13(3.12) 1.07 (2.97)
Superior 1.41 (3.92) 1.28 (3.54) 1.19(3.28)
Superior temporal 1.22 (3.38) 1.34 (3.71) 1.34 (3.70)
Temporal 0.94 (2.61) 1.21 (3.35) 1.44 (3.99)
Inferior temporal 1.79 (4.95) 1.17 (3.25) 1.79 (4.97)
Inferior 1.37(3.80) 1.59 (4.40) 0.99 (2.75)
Inferior nasal 0.73 (2.02) 1.21 (3.36) 0.75 (2.07)
Ring 5- to 7-mm total 1.20 (3.33) 1.22 (3.39) 1.21 (3.35)

ETM = epithelial thickness mapping; S» = pooled within-subject standard deviation
“Repeatability limit= 2.77 % S,

The Anterion is manufactured by Heidelberg Engineering, the Avanti is manufactured by Optovue, Inc,

and the MS-39 is manufactured by CSO.
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A Agreement of ETM between MS-39 and Anterion in central 2 mm zone
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Figure B. Bland-Altman plots showing the difference in epithelial thickness measurements (MS-39 —
Anterion) as a function of the mean epithelial thickness of the two devices in the (A) central 2-mm zone,
(B) 2- to 5-mm diameter rings, and (C) 5- to 7-mm diameter rings, respectively. The red lines represent
the mean difference and green lines represent the 95% limits of agreement. The Anterion is manufactured
by Heidelberg Engineering and the MS-39 is manufactured by CSO. Unit: um
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A Agreement of ETM between Avanti and MS-39 in central 2 mm zone
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Figure C. Bland-Altman plots showing the difference in epithelial thickness measurements (Avanti —
MS-39) as a function of the mean epithelial thickness of the two devices in the (A) central 2-mm zone,
(B) 2- to 5-mm diameter rings, and (C) 5- to 7-mm diameter rings, respectively. The red lines represent

the mean difference and gree:

n lines represent the 95% limits of agreement. The Avanti is manufactured

by Optovue, Inc and the MS-39 is manufactured by CSO. Unit: um
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A Agreement of ETM between Avanti and Anterion in central 2 mm zone
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Figure D. Bland-Altman plots showing the difference in epithelial thickness measurements (Avanti —
Anterion) as a function of the mean epithelial thickness of the two devices in the (A) central 2-mm zone,
(B) 2- to 5-mm diameter rings, and (C) 5- to 7-mm diameter rings, respectively. The red lines represent
the mean difference and green lines represent the 95% limits of agreement. The Avanti is manufactured
by Optovue and the Anterion is manufactured by Heidelberg Engineering. Unit: um
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Table D

Repeatability of ETM Measurements Reported by Previous Investigators

Repeatability, Sw
Authors/ Year Eyes (n) Normal PLRS KC Areas Instrument used
Reinstein and KC: 10 0.58 vertex Very-high frequency
colleagues (2010) 0.43-1.36 central 6 mm ultrasound
Ma and colleagues Normal: 35 0.7 07 central 2mm | Optovue RT-100 3D-OCT
(2013) PLRS: 45 0.6-0.9 0.8-1.7 2-5 mm
0.8-12 1.4-22 5-6 mm
Sella and colleagues Normal: 12 0.9 12 central 2 mm
(2019 PLRS: 48 0.9-1.3 13-1.5 2-5 mm
1.0-1.4 1.5-1.9 5-6 mm
Lu and colleagues Normal: 75 0.89 13523 1.41-2.42 central 2 mm Optovue Avanti SD-OCT
(2019) PLRS:204 [ 0.99.124 | 1.2-3.56 136-3.89 | 2-5mm
KC:73 1126 142304 | 131383 [ 5-7mm
0.92-1.62 1.57-2.94 1.02-4.01 7-9 mm
Savini and colleagues Normal: 96 0.99 1.84 central 3 mm MS-39 5D OCT
(2018 PLRS: 43 1.06-1.57 | 1.50-2.10 3-6 mm
Vega-Estrada and Normal: 60 2.03 1.24 central 3 mm
colleagues (2019) Kc:170 0.84-1.18 1.16-1.69 | 3-6 mm
0.99-2.72 1.42-2.70 6-8 mm
Schiano-Lomoriello
and colleagues (2020) KC: 43 1.57 central 3 mm
Feng and colleagues Normal: 90 0.98 0.75 1.15 central 2 mm Optovue Avanti SD-OCT
(2022) PLRS: 46 108-1.19 [ 1.07-1.49 [ 1.17-152 | 2-5mm
kGilas 094127 [ 170240 | 129172 |57mm
0.64 0.6 0.91 central 2 mm Anterion SS- OCT
0.69-0.89 0.79-0.96 0.91-1.09 2-5 mm
0.86-1.11 1.07-2.05 1.10-1.47 5-7mm
Current study KC: 60 0.93 central 2 mm Optovue Avanti SD-OCT
1.04-1.68 2-5 mm
0.75-1.79 5-7 mm
0.71 central 2 mm Anterion SS- OCT
0.81-0.98 2-5 mm
0.86-1.59 5-7mm
0.91 central 2 mm MS-39 SD OCT
0.53-1.62 2-5 mm
0.73-1.79 5-7 mm

ETM = epithelial thickness mapping; KC = keratoconus; OCT = optical coherence tomographer; PLRS = post-laser refractive
surgery; SD = spectral-domain; SS = swept-source; S, = pooled within-subject standard deviation
The Avanti is manufactured by Optovue and the Anterion is manyfactured by Heidelberg Engineering.
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