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0. SUMMARY

Among clinical surgical procedures, ophthalmic surgical interventions are considered
the most challenging for numerous reasons. The eye is composed of delicate structures
and is thus considered a difficult operational field. Surgical manipulation generally
requires working with a microscope. The handling of the instruments, suturing and
simultaneous monitoring demands high concentration, a good hand-eye-coordination
and therefore, a lot of practice. Mistakes can potentially lead to blindness or loss of the

eye.

Corneal transplantation may be considered one of the most important ophthalmic
surgeries. The clear cornea acts as an anatomical barrier of the eye bulb whilst
permitting light entrance and accounting for most of the eye’s refractive power.
Replacing damaged or opaque corneal tissue by a human transplant can potentially
restore the eye’s physical integrity as well as improve visual acuity.

However, transplantation techniques are challenging operations that require
manipulation with a high degree of precision. Some procedures show high failure

rates, albeit conducted by experienced individuals.

Big-Bubble DALK is a transplantation technique that is associated with a low
probability of graft rejection and thus, long durability of the transplant, whilst showing
similarly good outcomes in postoperative visual acuity as penetrating keratoplasty.
However, in Big-Bubble DALK, particularly high failure rates are observed.

The procedure requires the insertion of an air-filled cannula into the corneal stroma to
dissect the target corneal layers by air injection (i.e., Big-Bubble formation). A

sufficient depth needs to be reached to successfully achieve dissection, whilst at the
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same time avoiding perforation. As the cornea measures only 550 microns in
thickness, this is a conceivably difficult task. Perforation is a frequently observed

incidence.

This work aims to investigate potential facilitation of Big-Bubble DALK by
implementing robotic assistance coupled with intraoperative imaging. For this
purpose, cannula insertion and air injection following the Big-Bubble technique were
simulated with and without robotic assistance, whilst monitored in real-time using
intraoperative Optical Coherence Tomography.

The experimental simulations were conducted on porcine eyes by two novice surgeons
with no prior experience in experimental or clinical ophthalmic surgery.

The results showed a significantly deeper cannula insertion into the corneal stroma in
robot-assisted trials (mean 89 %) as compared to manual trials (mean 85%), without
perforation respectively. Cannula insertion at a depth of at least 79% has been shown
to be associated with successful pneumo-dissection of the corneal layers, which in turn

is an essential prerequisite for successful DALK-transplantation.
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1. INTRODUCTION

1.1 Anatomy of the human eye

Ciliary body

Optic nerve

llustration 1. Anatomical structures of the human eye. [image source: F1]

The eyeball, or bulbus oculi, lies inside the orbital cavity and is enveloped by extrinsic
ocular muscles, the tenon’s capsule and the protective fatty tissue of the orbit. The bulbus
consists of a three-layered wall: the sclera, the uvea, and the retina. The retina is the
innermost layer and acts as the sensory epithelium. Neurosensory information is
conducted to the brain via the optic nerve (see [llustration I).

The uvea, or pigmented epithelium, is separated into the choroid, iris, and ciliary body.
The choroid or vascular layer carries blood vessels that are providing the organ with
oxygen and nutrients; the iris regulates pupil size and thus the amount of light reaching the
retina. The ciliary body has two main functions: It produces aqueous humor, a low protein
blood filtrate that maintains the intraocular pressure and carries nutrients and

immunoglobulins. Second, it connects to the crystalline lens’ capsule via suspensory
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ligaments. Contraction and relaxation of the ciliary muscle cause stretching or relaxing of
the ligaments which transfer the force onto the lens. The change in the lens’ shape effect a
change of refraction and thus cause accommodation. The lens has a refractive power of
approximately 18 diopters.

Lens, aqueous humor, and the cornea compose the refractive media.

The cornea is a transparent structure bordering with the sclera at the corneal limbus and
comprising the anterior chamber of the eye along with the iris and the lens. The cornea’s
refractive power is approximately 43 diopters, which accounts for 2/3 of the eye’s total

refractive power (Patel & Tutchenko, 2019).

1.1.1 Anatomy of the cornea in detail: Composition and layers

Hlustration 2. Corneal layers, including presumed location of Dua’s Layer.

BL: Bowman’s Layer; PDL: Pre-Descemet-Layer, or Dua’s Layer; DM: Descemet Membrane. Note:

The presumed location of PDL, or Dua’s Layer, is indicated. [Image source: F2]
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The cornea on average measures about 11,5 mm in diameter and 120 mm? in surface. Its
thickness measures 540-550 microns on average in its center and 600-800 microns at its
periphery (Khaja et al., 2015). For the large part, it is composed of collagen type I fibers,
whose compact arrangement enables transparency (Del,Monte & Kim, 2011).

The cornea does not carry any blood vessels but is densely innervated. It is one of the
most sensitive tissues of the body. The sensory fibers are branches deriving from the
ophthalmic stem (V1) of Nervus trigeminus.

It is largely agreed upon that the cornea can be histologically divided into five layers
(Sridhar, 2018); however recent research suggests the existence of a possible sixth layer,
namely Dua’s Layer, presumably located between the corneal stroma and the Descemet’s
membrane.

The five corneal layers, as they are found in humans and other primates, are shown in
lllustration 2. They include 1) Corneal epithelium, which is in contact with the
surrounding atmosphere and consists of regeneratable cells, 2) Bowman’s layer, which is
acellular and consists mainly of type I collagen fibers, 3) Corneal stroma, making up 90%
of the corneal thickness and consisting of type I collagen fibers, 4) Descemet’s membrane
(DM), an acellular layer mainly composed of type IV collagen, and 5) Endothelium, the
innermost layer that is directly in contact with the aqueous humor. It is consisting of a
monolayer of low-cuboidal cells that are actively regulating fluid transport between the
cornea and the aqueous humor (DelMonte & Kim, 2011).

Dua’s layer is presumed to be located just anterior to the DM, thus it is referred to as Pre-
Descement-Layer (PDL) (Dua et al., 2013) (see lllustration 2).

For the scope of this work, PDL is not going to be specifically outlined, but shall be

understood when referring to stroma or pre-Descemet corneal layers.
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1.2 Corneal diseases

The healthy cornea has a regular aspheric curvature and follows a typical thickness profile
(see 1.1.1). It is transparent and consequently vessel-free with all its layers intact.

Irregular corneal curvature, i.e., astigmatism, increase or decrease in thickness, opacities,
or damage in one or more corneal layers affect entrance of light and refraction of light and
consequently, vision. It is important to note that certain refractive irregularities can be
aided by visual aids such as glasses or contact lenses, however these measures may not be
sufficient. Underlying tissue damage can furthermore promote infection, as there may be
no sufficient barrier for pathogenic microorganisms (Al-Mujaini et al., 2009). Eye pain or
irritation are further common symptoms.

The integrity of the cornea is based on numerous factors. For instance, a vital corneal
epithelium is largely dependent on a healthy tear film, which contains immunocompetent
substances and additionally functions as mechanical protection. An even distribution of
tear film can in turn only be insured by proper lid function and so on (Dartt & Willcox,
2013).

Followingly, corneal diseases will be categorized by underlying cause, namely trauma,
inflammation, degeneration, and dystrophy. Many corneal disorders however, such as

Keratoconus, most likely underly multifactorial genesis (Gajecka & Nowak, 2011).

1.2.1 Trauma

Contact with harmful substances such as corrosive chemicals or penetration by a foreign
body may cause corneal lesions throughout the corneal layers up to perforation.

Following trauma, the corneal layers can oftentimes reconstitute to a certain degree. In
this context, scarring can occur, potentially leading to clouding or astigmatism and thus

causing blurry vision or photosensitivity (Jain & Pineda, 2002; Barrientez et al., 2019).
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1.2.2  Inflammation

Inflammation of the cornea, i.e., keratitis, can be caused by various factors, such as
microbial infection (Al-Mujaini et al., 2009), (frequent) exposition to radiation (Izadi et
al., 2018; Nuzzi et al., 2020), and exposition to harmful substances (Singh et al., 2013).
Insufficient mechanical shielding or deficient immune reactions through abnormal tear
film and/or lid function may cause or promote keratitis when other risk factors are present
(Rosenberg & Eisen, 2008). Autoimmune reaction is known to be another frequent cause
of keratitis and is oftentimes observed in patients with collagen vascular diseases such as
rheumatoid arthritis (Cao et al., 2017).

Keratitis may result in corneal stippling, opacity, and epithelial or stromal edema. Post-

inflammatory lesions can persist and cause scarring (Barr et al., 2006).

1.2.3 Degeneration

Corneal degeneration is a broad term for alterations of corneal tissue due to a
multifactorial genesis. Degeneration may be involutional, i.e., age-related. For example,
the elderly population may exhibit a basement membrane degeneration without an
underlying disease, but due to involutional structural changes (Lorenzetti et al., 1967).
Non-involutional degeneration may follow exposure to certain conditions such as
inflammation or drugs. For example, calcific band keratopathy causes calcium salt to
deposit in the Bowman’s Membrane and anterior stroma. It more commonly affects
patients with hypercalcemia, uveitis, or corneal inflammatory diseases. Deposits may be
visually relevant by causing opacity or astigmatism (Merali, 2014). Depending on the type
of degeneration, the corneal integrity can be harmed permanently (Stewart & Morrell,

2003).
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1.2.4 Dystrophy

Corneal dystrophy, by definition, refers to a reduction in number or partial or total loss of
function of cellular components of the cornea, following a genetic disorder or genetic
disposition (Lin et al., 2016). Dystrophy can be limited to specific layers of the cornea, as
it is the case in Fuchs Endothelial Dystrophy, which only affects the corneal endothelium
(Adamis et al., 1993). Lattice dystrophy in turn is limited to the corneal stroma (Nakamura

et al., 2000; Kivela et al., 1993).

1.3 Corneal transplantation

1.3.1 Definition

Corneal transplantation, also referred to as corneal grafting, is a surgical procedure to
replace diseased or damaged corneal tissue in a patient (i.e., host or recipient) by a donor’s
graft tissue. Graft corneas are typically organ donations obtained from deceased humans,
which is referred to as allograft transplantation. Autograft transplantation in turn refers to
grafting healthy corneal tissue of one individual’s partner eye. It is a much less commonly
performed procedure. Corneal grafts of animal origin are referred to as xenografts, whose
potential implications are currently being researched (for instance, porcine corneal
lenticules in treatment of Post-LASIK ectasia or Keratokonus (Fasolo et al., 2021; El-
Massry et al., 2021).

Replacement of the affected cornea by material that will not work as active tissue is
referred to as implantation (Krstic, 1985). For instance, the Boston keratoprosthesis is an
artificial cornea made of synthetic material. It is commonly used in patients with severe

corneal blindness (Nonpassopon et al., 2020).
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1.3.2 Indications

Corneal transplantation is a therapeutic option when visually relevant corneal alterations
cannot be treated conservatively by visual aids, medication, or surgical treatment other
than transplantation, such as keratectomy (i.e., laser or manual excision of corneal tissue).
This may be the case in corneas with a very high degree of astigmatism, oftentimes with
extremely reduced thickness, or with scarring reaching in too great a depth for it to be
completely removed by keratectomy (Pahor et al., 2007; Le et al., 2013).

Further typical indications for corneal transplantation include perforation of the cornea,
corneal ulcers with associated danger of perforation, ubiquitous keratitis, and visually
relevant opacity and scarring (Pahor et al., 2007; Le et al., 2017).

Patients with partially affected corneal layers can oftentimes be treated by transplantation
of the affected layers only, which is referred to as lamellar transplantation (Espandar &
Carlson, 2013; Ang et al., 2009). For instance, Fuchs endothelial dystrophy, affecting
solely the corneal endothelium, can be treated by replacing the latter only. The utilized
lamellar transplantation method is called Descemet Membrane Endothelial Keratoplasty,
or DMEK (Ham et al., 2009). In turn, Keratokonus, in which DM and endothelium are
typically intact, can be treated by lamellar transplantation of stroma anterior to the DM
and endothelium. The procedure is called Deep Anterior Lamellar Keratoplasty, or DALK
(Anwar & Teichmann, 2002). See 1.3.3 for detailed explanation of different corneal

transplantation procedures.

-17 -



1.3.3 Types of corneal transplantation

¢ PKP » g DALK "
‘l DSAEK l. ‘ DMEK .

Hllustration 3. Types of corneal transplantation.

PKP: Penetrating keratoplasty; DALK: Deep anterior lamellar keratoplasty; DSAEK:
Descemet-stripping (automated) keratoplasty; DMEK: Descemet membrane endothelial

keratoplasty. Corneal grafts are indicated in red. [Image source: F3]

1.3.3.1 Full-thickness or penetrating keratoplasty

As indicated by the name, in full-thickness penetrating keratoplasty (PKP) a full-thickness
resection of the patient’s cornea is performed and followingly replaced by a full-thickness
corneal graft (see [llustration 3). The surgical procedure requires the penetration of all
corneal layers (Moffatt et al., 2005). The graft is sutured to the host’s cornea by
interrupted or running sutures, which are typically removed after 12-24 months (Lee et al.,
2012). Some corneal diseases, including inflammatory or infectious ulcerations or
perforations, require immediate penetrating keratoplasty during an active inflammatory

state (PKP a chaud) (Stiibiger et al., 1995).
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1.3.3.2 Partial-thickness or Lamellar keratoplasty: DMEK, DS(A)EK, ALK

As opposed to PKP, lamellar keratoplasty (LK) is used to replace corneal layers
selectively (partial thickness keratoplasty).

Techniques that target deeper corneal layers include Descemet Membrane Endothelial
Keratoplasty (DMEK), where DM and endothelium is replaced, and Descemet-stripping
endothelial (automated) keratoplasty (DSEK/DS(A)EK), which additionally targets partial
posterior stroma (Dapena et al., 2009). DSEK and DSAEK both target the same structures;
however, the latter technique involves usage of an automated microkeratome for
standardized donor graft preparation (Kocaba et al., 2018) (see lllustration 3).

Techniques that target superficial corneal layers are referred to as Anterior Lamellar
Keratoplasty (ALK). ALK procedures include Superficial anterior Keratoplasty (SALK),
which is limited to the removal and replacement of superficial stromal layers, and Deep
Anterior Lamellar Keratoplasty (DALK), where all corneal layers anterior to the
Descemet Membrane are being replaced (Espandar & Carlson, 2013) (see lllustration 3).
In 1.4, DALK will be described in greater detail, as a full understanding of the crucial
surgical steps is essential to follow this work’s purpose, the utilized experimental

methods, and the results.

1.3.4 History of corneal transplantation

The idea of replacing opaque human corneas with clear protheses arose in the late 18"
century. The utilization of animal donor corneas as replacement material has been
suggested by Karl Himly in 1813, followed by initial experimental transplantation of
animal corneas by Franz Riesinger in 1818. It was Riesinger who coined the term
“keratoplasty”. Later, the term “corneal transplantation” was introduced, followed by the

first successful transplantation in a gazelle (Mannis & Krachmer, 1981).
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In the following decades, the advancement of corneal transplantation was largely
influenced by the experimental works conducted by Arthur von Hippel (1814 — 1916) and
Henry Power (1829 — 1911) (McGhee et al., 2013).

Von Hippel invented the mechanical trephine, a device that facilitated excision of the
donor and host cornea. Arguably, this made an invaluable contribution to improving
excision techniques of corneal tissue (Mannis & Krachmer, 1981; McGhee et al., 2013).
The device, in altered versions, is still in use today when performing penetrating and
lamellar keratoplasty (Ng et al., 1995). Von Hippel conducted experimental and clinical
transplantations in humans by trephining and removing the patient’s anterior cornea and
replacing the tissue with full-thickness xenografts. Therefore, the first transplantations to
be attempted were technically lamellar keratoplasties.

The results showed varying degrees of success. However, in total, xenograft
transplantation in humans remained rather unpromising.

In 1867, Power suggested usage of human allografts, which initiated a change of direction
in experimental research. The first successful human allograft penetrating keratoplasty
was conducted in 1905 by medical doctor Eduard Zirm (1877 — 1944). Since then,
techniques for penetrating keratoplasty have undergone steady improvement and
standardization, making it the gold standard for corneal transplantation up until the late

20" century (Moffatt et al., 2005).

1.3.4.1 Advancement of anterior lamellar keratoplasty

With penetrating keratoplasty being the dominant procedure in transplantation, research in
lamellar transplantation techniques were pursued less intensely. However, attempts in
lamellar techniques have regularly been reported. For instance, in 1908, Plange

transplanted lamellar autografts, i.e., corneas obtained from a patient’s partner eye
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(Castillejo Becerra et al., 2023). These early attempts did not see much progress, as
technically, the procedure remained challenging and generally resulted in poor visual
outcomes, for example due to hazing of the interface.

However, severe postoperative complications were observed following penetrating
keratoplasty, including for instance leakage of vitreous, secondary glaucoma, uveitis, and
cataract. This led to re-pursuing research towards development of anterior lamellar
keratoplasty techniques in the mid 20"-century, to ultimately improve long-term
postoperative outcome (Ang et al., 2009; Tan & Anshu, 2009).

Hallermann, in 1959, was the first surgeon to have applied transplantation of full-
thickness grafts on deeply dissected recipient corneas (Hallermann, 1959). Removing the
entire stroma while baring DM and endothelium proved to be beneficial in terms of visual
outcome. Additionally, full-thickness grafts were altered by being disposed of DM and
endothelium.

In the course of time, several deep anterior lamellar keratoplasty (DALK) techniques were
developed, mainly targeting facilitation of separation of stroma from DM, as it arguably
represents the most challenging part of the operation (Melles et al., 1999). An overview of
different DALK techniques is reported in 1.4.3.

Nowadays, the preferred approach is to create an initial cleavage between stroma and DM,
prior to removal of the host stroma. This is performed by injection of viscoelastic (“visco-
delamination”, Melles et al., 2009) or air into the pre-Descemet plane. The Ilatter

corresponds to “Big-bubble”-DALK?*, which will be explained in detail in 1.4.
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1.3.4.2 Development of posterior lamellar keratoplasty techniques

Lamellar transplantation targeting posterior corneal tissue is a relatively new approach,
with first attempts performed in the 1950s by Barraquer and Tillett (Giiell et al., 2014).
Target structures initially comprised posterior stroma along with endothelium and DM, as
selective excision was not yet technically possible. Posterior tissue was manipulated and
transplanted below a sutured stromal flap, which mostly resulted in poor postoperative
outcome (Barraquer, 1950).

In the 1990s, endothelium and DM could be targeted more precisely, as instruments and
microscopes advanced. Descemet stripping (automated) endothelial keratoplasty
(DSEK/DSAEK) technique evolved, in which the DM was “stripped off” the stroma
(Dapena et al., 2009; Gorovy, 2005). Donor tissue was inserted into the anterior chamber
through limbal incisions and held in place by an air bubble instead of sutures. The
technique was further perfected by Melles et al. in 2006 into Descemet Membrane
endothelial keratoplasty (DMEK), which is enables selectively targeting endothelium and
DM (Melles, 2006). DMEK is today’s gold standard procedure for endothelial

keratoplasty.

1.4 DALK

1.4.1 Purpose of DALK

DALK is a lamellar transplantation technique utilized to remove and replace all corneal
layers anterior to the DM. The procedure aims to cause a dissection between the deep
stromal layer and the DM, with subsequent removal of the whole stroma along with the
BL and epithelium (Anwar & Teichmann, 2002). Ideally, the DM should be left fully bare

without residual stroma, as this has been shown to be associated with significantly better
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outcome in best-corrected visual acuity (Reinhart, 2011). The donor graft is disposed of

endothelium and DM and sutured in place of the removed tissue.

1.4.2 Indications for DALK

Indications for DALK encompass diseases where the host’s DM and endothelium are
intact and functional, but the layers anterior to the DM are defected or diseased.

Most commonly, it is used for treatment of advanced keratoconus, in which progressive
thinning and steepening of the cornea causes visually relevant astigmatism. Patients who
develop a visually relevant Keratoconus are oftentimes diagnosed at a young age. Their
endothelium and DM are typically healthy (Karimian & Feizi, 2010).

Another typical indication is Pellucid marginal degeneration, a disease which is
characterized by crescent-shaped thinning in the inferior periphery of the cornea. It is the
second most common non-inflammatory cause for corneal thinning after Keratoconus
(Sridhar, 2004). Again, DM and endothelium in these patients are typically healthy.
Further indications include iatrogenic corneal ectasia such as post-refractive surgery
corneal ectasia, dystrophies limited to the corneal stroma, as well as scars or opacity
reaching deep into the stroma while not comprising the integrity of the DM or

endothelium (Nanavaty et al., 2018).

1.4.3 Overview of DALK techniques

The clean dissection of stroma and DM arguably represents the most difficult step in
DALK, as it frequently results in perforation. Several techniques have thus been suggested
that aim to facilitate the dissection.

In 1984, Archila proposed intrastromal air injection to aid dissection (Archila, 1984). In a
study by Sugita in 1997, DALK was performed by hydro-dissection, involving injection of

a saline solution (Sugita & Kondo, 1997).
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As described in /.4.3.1, today’s commonly used methods aim for detachment of stroma by
rather deep injection, targeting the pre-Descemet plane. As for injection substance, use of
viscoelastic was proposed by Melles in 1999. In 2002, Anwar et al. introduced the Big-
Bubble technique, in which air is injected. Both are arguably today’s leading techniques in

DALK. Big-Bubble DALK will be introduced in 1.4.4.

1.4.4 Big-Bubble DALK

1.4.4.1 Objective

Published in 2002 by Anwar et al., the technique is aimed to facilitate clean dissection of
the host’s corneal stroma from DM by injecting air into the pre-Descemet plane, creating a
cleavage between the two structures. That way, removal of stroma is facilitated.
Nowadays, Big-Bubble DALK is arguably the most commonly used technique for anterior
lamellar keratoplasty (Goweida et al., 2020).

In 71.4.4.2, the procedure is explained in detail as originally described by Anwar &
Teichmann in 2002. It is important to mention that modifications of the technique have
been developed in recent years, for example involving femto-laser excision (see /.4.4.5).

Some modified versions are frequently in use today.

1.4.4.2 Big-Bubble technique in detail

Initially, the patient’s cornea is trephined to a depth of 60 — 80%, so a central button is
created. The usage of a calibrated trephine system is recommended. Manual deepening of
the initial trephine groove can be performed if considered too shallow.

A 27- or 30-gauge cannula is attached to a 1ml to 3ml air-filled syringe. It is bent
manually approximately 5.0 mm from its tip, so the terminal and proximal segment of the

cannula comprise an angle of approximately 60 degrees. The bevel should be facing down.
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Paracentral insertion of the cannula into the corneal button is performed at a convenient
entry side, bevel facing down. It is then carefully advanced into the stroma, following an
oblique direction, tangentially approaching the cornea’s central area. Advancement up to
the very center is avoided, as it is generally the thinnest area.

The tip of the cannula is desired to reach deep into the stroma, while forming an air-tight
tunnel within the stroma. To reach the pre-Descemet plane and enable stromal
detachment, it is suggested that air-injection is aimed at sufficient depth. A recent study by
Patricha et al. found that a depth traversing at least 79.9% of the corneal thickness
significantly increased the probability of successful pneumo-dissection. Depths greater
than 90% however are not believed to be necessary (Pasricha et al., 2016).

Once the desired depth is reached, air injection is performed by carefully pressing the
plunger of the air-filled syringe. The desired effect is the formation of a large bubble
between the deep stroma and the DM. Its successful formation is indicated by the sudden
appearance of a “white, semi-opaque disk”, which in most cases does not extend to the
trephine groove. Its outline should be approximately circular. The event is accompanied
by a sudden easing of resistance of the plunger. If this result is observed, pressure on the

plunger should be released, and the cannula withdrawn.
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Hlustration 4. Pneumo-dissection by air injection in Big-Bubble DALK.
A: Placement of cannula in deep stromal tissue.
B: Big bubble formation between stroma (dotted line) and Descemet Membrane

(continuous line) after air-injection. [Image source: F4, modified]

In the event of the desired big bubble formation, successful detachment of the stroma from
the DM can be presumed (see [/lustration 4). Anterior keratectomy can subsequently be
performed while baring a thin stromal layer anterior to the created bubble first. Following
the initial keratectomy, the eye may be softened by draining intraocular fluid through a
paracentesis prior to removing the remaining stroma. Provided pneumo-dissection was
successful, no firm adhesions are expected to remain on DM, which allows for clean
removal of the entire stroma.

After complete removal of the corneal button, the donor graft is prepared by disposal of
DM and endothelium. It is placed onto the host’s DM and secured by sutures.

It is important to mention that Anwar in his publication suggests cannula insertion under
direct visual control. However, nowadays, DALK is generally performed using a surgical
microscope. Therefore, it was also used for the simulations in the scope of this work (see

2.1.2.1).

-26-



1.4.4.3 Postoperative outcome compared to PKP

DALK has been shown to be associated with significantly less endothelial graft rejection
and thus, on average, longer transplant durability as compared to PKP (Reddy et al.,
2015). Graft rejections in PKP are known to derive from endothelial cell rejection most
commonly, accounting for 50% of rejections (Guilbert et al., 2013). As successful DALK
preserves the host endothelium and DM, the possibility of endothelial rejection is
therefore eliminated (Warson et al., 2006).

Stromal and epithelial rejection is observed in 8-10% of patients, however generally
rejection rate is significantly lower as compared to PKP (Watson et al., 2004), with less
than 5% graft failure secondary to rejection. A lower quality graft is usually better
tolerated following DALK rather than PKP (Schaub et al., 2017).

Secondary glaucoma and secondary cataract have been observed less frequently in DALK
compared to PKP (Liu et al., 2015), as ideally, the anterior chamber remains
uncompromised in successful DALK.

Outcomes in best-corrected visual acuity and graft clarity in unrejected grafts following
DALK have been shown to be comparable to those following PKP (Sari et al., 2012).
However, stromal residue following DALK was reported to affect visual outcomes

negatively (Tan et al., 2010).

1.4.4.4 Intraoperative complications

As described in 1.4.4.2, precise air injection at a sufficient depth is crucial to achieve a
clean pneumo-dissection. The latter is necessary to avoid any residual host stroma after
DALK, as post-operative haze or opacification can occur, leading to limitation of visual
acuity (Ardjomand et al., 2007). Prognosis is considered best when baring of the naked

DM is successful.
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Following recent studies, reaching a depth traversing at least 79.9% of the corneal stroma
thickness, or greater, is recommended to achieve a bare DM.

Naturally, aiming for deep stromal layers bears higher risk of DM perforation, which is
indeed the most common intraoperative complication. It typically leads to intraoperative
conversion to PKP; however, it remains an individual decision based on the intraoperative
status.

Perforation rates are mostly reported to range from 7% to 30% of operations (Jhanji et al.,
2010;, Huang et al., 2019; Ozmen et al., 2018; Kodavoor et al., 2022; Kocluk et al., 2017).
Some studies report conversions to PKP due to DM perforation as high as 42.5% (Kocluk
et al., 2017). Albeit the use of a sharp cannula is recommended for insertion into the
corneal stroma, it increases the chance of puncturing DM when inserted too forcefully.
Furthermore, with advanced keratoconus being the most common indication for DALK,
host corneas are typically thin and thus, conceivably more difficult to manipulate without
perforation. Perforation may also be caused by excessive air injection or too forceful
injection (Jhanji et al., 2010).

Completed DALK following (micro-)perforation can lead to postoperative complications,
such as secondary glaucoma or cataract (Kodavoor & Dandapani, 2022). A less common
event is a so-called double anterior chamber, which occurs when DM and stroma form a
space separated by aqueous humor (Fournié et al., 2007).

All factors considered, DALK is a technically demanding procedure, resulting in a

relatively high failure rate.

1.4.4.5 Modifications

Responding to DALKSs high intraoperative complication rates, the technique has

frequently been modified to increase safety and improve success rates.
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Modifications include performance of keratectomy prior to cannula insertion and air-
injection into the remaining stroma, which has shown to better success rates in some
studies (Fogla, 2013). Further work suggests pre-formation of a stromal nick prior to
insertion of a blunt cannula for subsequent air injection (Fournié¢ et al., 2007). It is
presumed that thereby, probability of puncturing DM during air injection decreases.

Femtosecond laser excision has been used for calculated, precise trephination and pre-
formation of stromal pockets, eliminating the possibility of perforation by needle or
cannula (Alio et al., 2015). Recent research suggests that air injection following laser-cut
stromal tunnels increase the possibility of successful Big-Bubble formation (Malyugin et

al., 2023).

1.4.4.6 Perioperative and intraoperative imaging

Attempts to facilitate DALK included implementation of imaging techniques. The
development of Optical Coherence Tomography (OCT) in 1997 enabled non-invasive
cross-section imaging of ocular structures. The system underwent steady improvement
and made anterior segment visualization possible in 2006. Newer generation models are
used for biometric measures such as corneal topography, tomography, and calculation of
intraocular lens implants. Nowadays, the examined tissue can be visualized on a
histological scale up to micrometer resolution (Gabriele et al., 2011). Potential benefits of
implementing OCT during ophthalmic surgical procedures have oftentimes been
considered and investigated (Maier et al., 2018).

It is conceivable that imaging of corneal layers and instrument localization throughout
DALK may be beneficial. It may help assess the relative depth of the cannula tip and thus
facilitate reaching a sufficient depth while avoiding perforation.

Many studies have implemented intraoperative OCT imaging during DALK to provide

critical information to the surgeon (Steven et al., 2014). Both static intraoperative captures
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and real-time OCT have been used for this purpose. It is generally agreed upon that
intraoperative OCT imaging may contribute to better surgical outcomes (Steven et al.,
2014; Au et al., 2015). For instance, depth assessment may be facilitated and thus, a too

shallow cannula placement identified (Santorum et al., 2022).

1.5 Objective of this work

In recent years, DALK has been shown to be an excellent alternative to PKP in treatment
of keratoconus and other corneal diseases in patients with healthy DM and endothelium.
Surgical outcome has been shown to be superior to PKP regarding postoperative
complications and graft durability. Potential endothelial graft rejection is eliminated in
successful DALK, while epithelial or subepithelial graft rejection occurs significantly less
frequently. At the same time, postoperative visual acuity has shown to be comparable in
DALK and PKP.

However, DALK is a challenging operation with relatively high intraoperative failure
rates even when performed by experienced surgeons. The procedure is arguably difficult
to learn and may result in a lot of “trial-and-error”. Most commonly, failure occurs due to
DM perforation.

Efforts have been made to facilitate DALK which, to some degree, have resulted in
making the procedure safer and lower failure rates. Intraoperative OCT-imaging has been
shown to be a promising approach, aiding the surgeon by providing information on
instrument localization and relative depth assessment of the cornea.

To further improve success rates in Big-Bubble DALK, it is conceivable that robotic
assistance may be beneficial. Naturally, it may eliminate hand-tremor and the need for

accurate hand-eye-coordination. This, in turn, may steepen the learning curve in novice
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surgeons. It may furthermore be beneficial for the patient, as it may increase precision and

thus, increase the likelihood of Big-Bubble formation, as greater depths can be achieved.

The objective of this work is to investigate potential facilitation of Big-Bubble DALK by
implementing robotic assistance coupled with real-time intraoperative OCT-imaging. For
this purpose, cannula insertion followed by air injection was performed on porcine eyes
under an ophthalmic microscope with and without robotic assistance. Real-time
intraoperative OCT monitoring was implemented throughout both settings, providing

information on corneal depth and instrument localization throughout trials.

In 2020, Draelos et al. published an equivalent study, in which a combined system of
robotic assistance and intraoperative OCT was utilized during cannula insertion in human
cadaver corneas®. This setup was compared to manual insertion without any imaging
modality. Draelos et al. (2020) reported a significant increase in achieved depth without
perforation using the cooperative system compared to manual insertion.

As opposed to the approach by Draelos et al. (2020), in this work, intraoperative OCT was
implemented throughout both settings, thus specifically comparing outcomes of robot-
assisted and manual performance under intraoperative OCT. Furthermore, air injection
followed cannula insertion, provided no perforation occurred. Corneas were examined
prior to and following air injection. Simulations were performed on porcine instead of
human cadaver eyes.

A custom-made robot was implemented for assisted trials. All trials were performed using
a surgical microscope equipped with real-time intraoperative OCT. Visual feedback for
instrument localization and depth information were provided to the surgeon throughout all

trials. Performance was evaluated for each setting and results were compared.
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2. METHODS

Followingly, methods used for the scope of this work will be specified as published in the
article Comparison of Robot-Assisted and Manual Cannula Insertion in Simulated Big-Bubble

Deep Anterior Lamellar Keratoplasty by Zhao, Jablonka, Maierhofer et al. in 2023.

2.1 Material

2.1.1 Porcine eyes

Porcine eyes were obtained from a local slaughterhouse and used for the experiments within 3
hours after collection. The eyes were extracted using a technique that kept the bulbus and
especially the cornea uncompromised. All eyes were checked for corneal damage or haze
prior to including them in the experiments.

After collection and in between experiments, eyes were stored in a glass container filled with
balanced salt solution (BSS) to prevent corneas and adnexal conjunctive tissue from drying

and thus maintain elasticity.

2.1.2 Devices

2.1.2.1 Microscope and intraoperative OCT

All experiments were performed using a standard ophthalmic surgery microscope equipped
with an OCT engine, capable of sharing the same optical path with the microscopic view
(LUMERA 700 with RESCAN 700, Carl Zeiss Meditec, Miinchen, Germany). Two OCT

planes, i.e., B-scans are continuously captured by the OCT engine as to generate a real-time
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tomography of the examined tissue. Alignment of the B-scans onto the desired location within
the vertical and horizontal plane were carried out by the surgeon using a foot control pedal or
by the assistant using the auxiliary screen. The surgical field was directly observed through
the microscope’s ocular with the OCT acquisition location marker overlaid onto the scene

({llustration 5).

HMustration 5. OCT B-Scan acquisitions (top) and the microscopic view (bottom) of
cornea and cannula during a robot-assisted trial.

B-Scan capture locations are indicated by cyan and magenta arrows. [Image source: F5]

The B-Scans were aligned so that tomography of the cornea along with cannula tomography
was possible. Localization of the cannula relative to the tissue was assessable.
Recording of image and video material (microscopic field view and OCT-acquisition) was

available.
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2.1.2.2 Robot

The robot uses a hybrid parallel-serial system with prismatic piezo actuators. Its three limbs
are interconnected by two joints, whose combined movement controls the alignment of the
robot’s effectuating limb. The latter is mounted with the utilized instrument; in this setting, an
air-filled syringe tipped with a cannula. Movement comprises five degrees of freedom,
allowing the alignment of the effectuating limb with the attached instrument to a precision of
10 microns.

The air-filled syringe tipped with the cannula was mounted onto the effectuating limb of the
robot. It was controlled in a master—slave fashion using a 3D mouse, regulating the desired
orientation of the instrument respecting the cannula tip as the center of motion.

The working volume of the robot approximated a perfect sphere with a radius of 30 mm; this
working volume covered the entire corneal surface area and corneal depth with prior
appropriate placement of the robot. Movement of the robot was subject to a velocity control

system, which allowed for a steady motion of the tool.

Illustration 6: Custom-made robot holding injection cannula.

The cannula is attached to an extension cable, extending from an air-filled syringe

(not shown in the image). [Image source: F6]
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2.1.3 Instruments

Both manual and robot-assisted trials were conducted using a 1 mL syringe filled with
approximately 0,8 ml of air. It was tipped with a disposable sharp 12 mm long 30-gauge

cannula. In robot-assisted trials, the syringe was mounted onto the robot.

2.2 Experimental setting

2.2.1 Task

The task was to perform DALK cannula insertion into the porcine corneal stroma while
aiming for a depth of at least 80%, as this has been shown to correlate with a higher
probability of success®!. Perforation shall be avoided. Intraoperative OCT could always be
used to localize cannula tip relative to the corneal tissue.

At a depth considered sufficient, air injection was performed, aiming for big bubble formation
between deep corneal stroma and DM.

One half of the trials was performed manually, the other half was performed by robotic
assistance. Operators were two novice surgeons with no prior experience in clinical or
experimental ophthalmic surgery. Beforehand, they received minimal training by verbal
instructions and supervision from an experienced ophthalmic surgeon.

Operators were randomly assigned to trial order and fashion, namely manual or robot assisted.
The other operator, respectively, assumed the assistant role to maneuver OCT imaging.
Randomization was intended to potentially minimize bias due to learning effects.
Intraoperative OCT was enabled and focused by the assistant so both the corneal stroma and
the cannula were displayed in cross- and longitudinal sections. The cannula was then aligned
following the intended insertion angle relative to the corneal central surface. The alignment
was realized by remote-controlled fine adjustments continuously carried out by the assistant.

Insertion was executed aiming for an estimated depth of 80% or greater while taking care to

-35-



avoid penetration into the DM. Depth information was continuously obtained from projected
real-time intraoperative OCT images and, on inquiry, confirmed or reevaluated by the
assistant. At the desired depth, air injection was performed, and formation of the demarcation

plane was observed and recorded.

2.2.2 Preparation

Before each trial, porcine eyes were checked for physical integrity and clear cornea.

To secure porcine eyes throughout the procedure, a rubber base imitating the orbit was used.
Eyes were fixed by pins puncturing the lateral conjunctive tissue and adhering it onto the
base. This allowed for passive movements simulating elevation and depression along the
transversal axis.

To control for intraocular pressure, a 23-gauge trocar was implanted approximately 3.0 — 4.0
mm from the limbus and connected to an infusion system. Homogenous pressurization of the
bulb to around 20 mmHg was ensured by passive infusion of balanced salt solution into the
vitreous cavity, regulated by bottle height.

The surgical microscope (see 2.1.2) was placed above the eye. Magnification and focus were
set until convenient. OCT focus was automatically aligned with microscope focus. The
syringe utilized in the trials was air-filled until approximately 0,8 — 1 ml, to ensure sufficient

volume.

In robot-assisted trials, the air-filled syringe was mounted onto the robotic arm. The system
was then calibrated minding the cannula tip as initial reference point. Followingly, the robot
was placed so the tip of the 30-gauge cannula was located within 1-2 cm of anticipated
insertion, that way ensuring full range of motion. The 3D mouse for remote control was

placed within comfortable reach for the surgeon.
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In manual trials, the cannula was bent 60 degrees for better ergonomic handling,
corresponding to the state of the art. In robotic trials, bending of the cannula was not

necessary, as no effect on ergonomics would have been achieved.

2.2.3 Trial execution

After gentle manual check for sufficient intraocular pressure, a cannula entry point at
approximately 6h was determined. It was aimed to enter close to the limbus, so to ensure
sufficient tunnel length.

OCT B-Scans were aligned either by the surgeon using a foot pedal, or, by the assistant using
the auxiliary monitor. The alignment of the B-Scans was aimed to display continuously
display the cannula in cross- and longitudinal section, thus providing real-time cannula
localization relative to the stroma.

Under intraoperative OCT monitoring, cannula insertion was performed with a 30-gauge
cannula, with the beveled side facing towards the DM.

Insertion was aiming towards the central area of the cornea under OCT monitoring. Proper
alignment of the OCT B-Scans was ensured by steady adjustment of the scans throughout the
procedure. Depth information was continuously obtained from image projection onto the
surgical field observed through the microscope.

Once the cannula tip was placed at the desired depth, air was injected into the deep corneal
stroma and then, the cannula retracted.

In clinical procedures, if big-bubble formation succeeds, the operation is finalized by removal
of stroma anterior to the DM and replacement of the tissue by a donor graft. These steps were

not carried out in this experimental setting.
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2.3 Hypotheses and parameters

It was investigated whether robotic or manual setting would show significant differences in 1.
mean achieved depth, 2. success and failure rate, 3. cannula entry angle and 4. stromal tunnel
length.

Throughout all trials, real-time intraoperative OCT and microscopic visual field were
recorded. Three-dimensional OCT volumes of the cannula tip and the corneal stroma were
captured at multiple critical events: 1) prior to cannula insertion, 2) prior to air injection at the
desired depth, 3) post-air injection, displaying demarcation plane in the deep stroma in
successful trials (representative of potential successful bubble formation), 4) post-retrieval of
cannula, displaying the stromal tunnel caused by the cannula. This allowed for postoperative

analysis of the trial outcomes.

2.3.1 Mean achieved depth

Manual versus robotic-assisted trials were evaluated regarding mean achieved depth.
Achieved depth was calculated by postoperative evaluation of OCT 3D-volumetric captures
which were acquisitioned prior to air injection. In these captures, the cannula tip is located at
the deepest position throughout the procedure. Mean achieved depth is specified in percentage
of total corneal thickness. Calculation was aided by a software designed by Zeiss Meditec for

experimental purposes.

2.3.2 Success and failure rate

Success or failure was determined based on 1. whether perforation of DM occurred and 2.
outcome regarding big-bubble formation.

Trials were considered failed when 1. perforation of DM occurred at any point throughout the

trial. Puncturing of the DM by the cannula tip was either observed directly in OCT or it was
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deferred by definite indicators. Indicators were visible air bubbles below the corneal surface
due to air leakage through the DM, or discontinuity of the DM visible in the OCT, or both.

Trials were furthermore considered failed when 2. no big bubble could be achieved after air
injection. This was indicated when the demarcation plane was displayed in the superficial
rather than deep corneal layers. Smaller intrastromal air bubbles would then form a dense,
cloudy layer just below the epithelium (see [/lustration 7). As intrastromal air causes OCT
rays to be reflected, no details in greater corneal depth could be visualized below the
superficial bubbles. In total, unsuccessful air injection was clearly discernable from the

desired pre-descemetal demarcation.

Hlustration 7. An example of unsuccessful bubble formation following air injection.

OCT acquisitions (top) and the microscopic view (bottom) show small bubble formation in

the superficial cornea, appearing as a cloudy layer directly below the corneal epithelium.

Cyan and magenta arrows indicate OCT capture locations. [Image source: F7]
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In turn, bubble formation was considered successful when the injected air caused a sharp,
homogenous demarcation layer right above the DM. In these cases, no air was penetrating

more superficially located stromal layers (see l/lustration §).

Hlustration 8. Example of successful deep air injection.

OCT acquisitions (top) and microscopic view (bottom) show a deep demarcation layer, with
no air present in the superficial cornea. The stromal tunnel formed by the cannula is visible
in the OCT B-scan captured along the cannula trajectory after its retraction. Cyan and

magenta arrows indicate capture location. [Image source: F8]

It is important to note that the physical detachment of the DM could not be reproduced, as
rearing pigs are typically young at the age of slaughter. Thus, the tissue is still quite immature

and thus, adhesion between the DM and stroma is stronger (Zeng et al., 2001).
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2.3.3 Cannula entry angle

Cannula entry angle refers to the angle between the longitudinal section of the cannula in
relation to the central corneal surface. For its analysis, OCT scans were captured immediately
prior to insertion, when the desired cannula orientation was set. The scans’ analyses were

carried out using a software developed by Zeiss Meditec for experimental purposes.

2.3.4 Stromal tunnel length

The stromal tunnel is created by the sharp tip of the cannula as it is inserted forward. Tunnel
length is measured by software-based analysis of OCT scans that display the stromal tunnel
post-retraction. It is measured in both successful and unsuccessful trials, for manual and

robotic trials respectively.
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3. RESULTS

Followingly, results of the simulations performed in the scope of this work will be specified
as published in the article Comparison of Robot-Assisted and Manual Cannula Insertion in
Simulated Big-Bubble Deep Anterior Lamellar Keratoplasty by Zhao, Jablonka, Maierhofer et

al. in 2023.

3.1 Overview

Simulations were performed on 48 ex vivo porcine eyes in total, with half of them performed
manually and the other half performed by robotic assistance. Measurements were calculated
by analysis of OCT captures, aided by a calculation software.

The mean corneal thickness was 998 microns with a standard deviation of 10 microns. Due to
low intraocular pressure in two eyes despite intravitreal infusion, only 46 trials, half manual
and half robot-assisted, were included in the evaluation.

An average volume of 0.24 mL of air was injected in all cases in which perforation had not

occurred prior to reaching the desired depth.

3.2 Outcome

3.2.1 Success and failure rates
In total, 74% of manual compared to 83% of the robotic trials were successful. 26% of the
manual trials failed, while 17% of the robotic trials failed. Perforation of the DM accounted

for three failures in manual trials, when in robotic trials, only one perforation occurred.
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Failure due to insufficiently deep demarcation layer, i.e., successful bubble formation was
present in both settings.

Both the differences in success rates and in perforation rates in robotic and manual trials were
not significant (two-tail t-test with significance of p < 0.01). Success and failure rates are

shown in Table 1.

Successful Failed Successful Failed
Manual (74%) Manual (26%) Robotic (83%) Robotic (17%)

Achieved depth Mean 85.05% 89.29%
(stromal percentage) STD 4.52% 4.03%
Cannula entry angle  Mean 23.45° 28.61° 23.35° 32.44°
(degree) STD 8.80° 9.13° 6.48° 5.73°
Stromal tunnel length  Mean 1.82 mm 1.72 mm
(millimeters) STD 0.27 mm 0.45 mm
Operation duration Mean 212s 260 s
(seconds) STD 96 s 96 s

Table 1. Means with standard deviations of the measured parameters in robotic and manual trials.

3.2.2 Achieved depth

Mean achieved depth in successful cases was greater in robotic trials (89.29% of the cornea
with a standard deviation of 4.01%) than in manual trials (85.05% of the cornea with a
standard deviation of 4.52%). This difference was significant (p < 0.01, independent

samples t-test). Achieved depths are plotted in Table 2.
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Table 2. Box plot showing achieved depth in successful trials for robot-assisted (blue) and
manual (red) trials.

Mean depth is indicated by cross, median depth indicated by vertical band. [Image source: F10]

3.2.3 Cannula entry angle

The mean needle entry angle in successful manual trials was 23.45 degrees (STD: 8.80
degrees); in successful robotic trials it was 23.35 degrees (STD: 6.48 degrees). This was
opposed to entry angles of 28.61 (STD: 9.13) degrees in manual trials and 32.44 (STD: 5.73)
degrees in robotic trials (see lllustration 9). Successful trials were shown to more often follow
a flatter insertion angle whereas unsuccessful trials were shown to more often follow a steeper

insertion angle. [llustration 9 displays OCT captures utilized for insertion angle calculation.
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lllustration 9. Examples of OCT-acquisitions of cannula entry angle relative to the cornea’s central
surface.

Following an insertion angle of 31 degrees (top), a superficial air deposition was observed. Following an
insertion angle of 21 degrees (bottom), a deep demarcation layer, indicating successful big bubble formation,

was visible. [Image source: F11]

3.2.4 Stromal tunnel length

The mean tunnel length in successful trials was 1.76 mm with a standard deviation of 0.38
mm. The induced tunnel in robotic trials (mean 1.72 mm, standard deviation 0.45 mm)
differed from manual trials (mean 1.82 mm, standard deviation 0.27 mm), however not

significantly. Mean tunnel length in successful and unsuccessful trials were similar (for
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robotic trials, 1.72 mm, and 1.71 mm respectively; for manual trials, 1.82 mm, and 1.88 mm
respectively).

Mean stromal tunnel lengths are shown in Table 1.

3.2.5 Operation duration

The mean duration of the operations in successful trials performed with robot assistance was
261 s with a standard deviation of 96 s, which was considerably longer than in successful
manual trials, at 212 s with a standard deviation of 96 s. Surgical time did not include robot

preparations and calibrations. Operation duration time is indicated in Table 1.
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4. DISCUSSION

4.1 Summary of results

This work could show that novice surgeons with no prior experience in ophthalmic surgery
could generate an airtight tunnel in the porcine cornea. They could do so in both, manual and
robot-assisted setting while monitoring depth information and instrument localization with
real-time intraoperative OCT. Success rates were 74% with manual performance and 83%
with robotic performance, which is largely consistent with statistics in clinical practice (Jhanji
et al., 2010). However, success and failure rates vary among studies and appear to largely
depend on the chosen technique and the surgeon’s expertise.

In both settings, a depth exceeding 79% of the cornea was reached, which has shown to
increase the probability of resulting in big bubble formation (Pasricha et al., 2016). Following
cannula insertion, air injection, in most cases, resulted in the generation of a sharp, deep
stromal demarcation plane, representative of successful big bubble formation.

In successful trials, a significantly greater depth could be achieved with robotic assistance
than in trials performed manually.

Successful trials seemed to follow a shallower insertion angle, while failed trials followed a
steeper insertion angle. Tunnel length was slightly longer in robotic trials, however not
significantly.

Operation duration of successful trials was longer in robotic trials than in manual trials, not

considering the calibration and set up time.
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4.2 Potential implications

4.2.1 Intraoperative imaging by real-time OCT

It is feasible that information on tissue depth and instrument localization is beneficial for
DALK, as in this study, novice surgeons were able to complete cannula insertion and air
injection with an arguably low failure rate, both in manual and robotic trials. A possible
benefit in terms of safety and successful outcome was assumed following various studies, in
which DALK was performed under iOCT (Steven et al., 2014; Au et al., 2015; De Benito-
Llopis et al., 2014).

As already mentioned in 1.5, Draelos et al. (2020) published an experimental study
investigating the effect of a cooperative system, consisting of intraoperative OCT and robot-
assisted cannula insertion. Equivalent to our approach, inexperienced surgeons performed
cannula insertions using robotic aid coupled with intraoperative OCT, however their
simulations were conducted on human cadaver eyes, and manual trials were not accompanied
by intraoperative OCT imaging. Trials performed with the cooperative system were shown to
have lower perforation rates as opposed to manually performed insertion, albeit conducted by
inexperienced individuals.

These results allow to speculate that novice surgeons, due to lack of experience, may have
trouble estimating the location of the cannula tip inside the stroma throughout the procedure.
Thus, it is conceivable that better outcome may be expected with intraoperative OCT, since
reasonably accurate real-time information on cannula tip location is provided and may

balance lack of practice.

-48 -



4.2.2 Robotic assistance

Robot-assisted trials were shown to reach a significantly greater depth than manually
performed trials. This is consistent with the findings by Draelos et al. (2020), who showed an
increase of achieved depth by 31% when performed with robotic assistance and intraoperative
OCT, as opposed to manual performance without any means of imaging (Draelos et al.,
2018). In their study, a mean depth of 71% was reported using the cooperative system; in our
study, a greater average depth of 89% was achieved by robotic assistance (Zhao et al., 2023).
Regarding these findings, it is conceivable that the application of intraoperative OCT coupled
with robotic assistance may contribute to a more precise cannula insertion, sufficient depth
and thus, successful big-bubble formation. This may lessen the numbers of conversion to
PKP, which in turn is beneficial for the patient, it decreases surgery time and therefore,

environmental exposure of the tissue. Due to this, probability of infection may be lower.

Novice surgeons may benefit from using imaging to get acquainted with the technique, while
keeping perforation rates low and thus possibly achieve higher success rates.

In the study by Draelos et al. (2020), air injection did not follow cannula insertion, meaning
that there was no clear indicator whether bubble formation was going to be successful despite
sufficient depth. In our study however, all cases in which no previous perforation occurred
were followed by air injection with a subsequent analysis of the air deposits within the
stroma. Deep air deposits causing a sharp demarcation above the DM were considered
indications for successful big bubble formation and were proving the stromal tunnel to be
airtight. If the air deposits were displayed in superficial corneal layers, the trial was
considered a failure and was thus not included in the mean achieved depth calculation. It is
important to note, however, that DM detachment was not visible in OCT despite a deep air

deposit (see [llustration 8). This concurred with previous observation in porcine models, as
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porcine eyes at the usually young slaughtering age show strong adhesion between corneal
layers (Guo et al., 2020).

As mentioned above, in non-perforated cases, a mean depth of 89% by robotic aid and 85% in
manual trials could be achieved. As shown by Pasricha et al. (2016), achieved depths of
greater than 79% likely result in successful Big-Bubble formation. Thus, the mean depths
reached in this study could be considered sufficient to assume a high probability of successful
pneumo-dissection.

Pasricha et al. (2016) also reported that depths surpassing 90% were not conditional for
successful pneumo-dissection. However, depths up to 96% were reached in robotic trials
without causing perforation. It is conceivable that incorporating robotic assistance in DALK
or similar ophthalmic procedures may increase accuracy and thus have a positive impact on
outcome. Increased accuracy may be achieved due to steadiness of motion during insertion,
better ergonomics, and the elimination of hand tremor.

As stated in /.4.4.3, DALK shows numerous benefits over PKP, but comes at the cost of a
high failure rate even in experienced hands. It is also associated with an increased operation
time compared to conventional penetrating keratoplasty (Modabber et al.,, 2023). As
conversion rates are high, corneal surgeons may favor PKP over DALK for convenience.
However, using a system that would significantly lower failure rates, may make DALK a

more attractive option, albeit involving longer preparation and set up times.

4.2.3 Insertion angle

The data suggests that successful bubble formation occurred more likely following a shallow
insertion angle, while unsuccessful trials more likely followed a steep insertion angle (see
Hllustration 9). Mean tunnel length however was similar in successful and failed cases. To
investigate this further, a separate sample of 11 porcine eyes was cannulated. 5 out of 6 cases

with entry angle set to 23.5 degrees were successful. All 5 trials with cannula entry angle set
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to 30 degrees led to superficial air deposits and failure (Jablonka et al., 2020) (see l/lustration
11).

The above-mentioned data allows to assume that shallower entry angles (~23 degrees)
increase the chance, and steeper entry angles (~30 degrees) decrease the chance of successful
deep air deposit. To our knowledge, this has not yet been further investigated and remains a
potential topic of interest for future research.

4.2.4 Mean tunnel length

Mean tunnel length has not shown significant difference in robot-assisted and manual trials
and as mentioned above, was quite similar in successful and unsuccessful trials. The data does
not suggest any trend regarding success or failure, which may also be due to the small sample
size of unsuccessful trials. Further research may be considered, as to our knowledge, tunnel
length has not yet been investigated regarding surgery outcome. Naturally, tunnel length must

be sufficient as to reach a sufficient depth and also, ensure that no air leakage occurs (Singh et

al., 2021).

4.2.5 Mean duration of surgery

Duration of robot-assisted trials exceeded the duration of manual trials by 49 seconds on
average. Since procedure time did not include robot preparation and calibration, it is fair to
assume an even longer duration in robot-assisted procedures. Potentially, this is because the
robot is maneuvered indirectly by utilizing the 3D-mouse. Since the latter is a mapped
representation of the actual intended movement, it may not be assumed as naturally as
maneuvering the syringe by hand. It is therefore conceivable that more concentration and
practice may be required, which may in turn explain a longer surgery duration.

If applicable in clinical procedures, robotic assistance may in total require longer surgery
time. However, this may be negligible depending on whether it contributes to a successful

outcome.
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4.3 Limiting factors

4.3.1 Setting

The experiments were performed on porcine instead of human corneas. This may be an
adequate simulation material for some experiments; however, it is questionable whether that
is the case for DALK simulations.

As previously mentioned in 4.2.2, porcine corneas were shown to have stronger adhesions
between layers (Zeng et al., 2001; Guo et al., 2020), which is due to the young age (~6
months) at which they are usually slaughtered. Porcine corneas are typically thicker than
human corneas (Zeng et al., 2001; Martola et al., 1968), with studies reporting averages
around 670 microns in in vivo porcine corneas (Faber et al., 2014) and 1000 microns in ex-
vivo porcine corneas (Jay et al., 2008). The human cornea in turn comprises 550 microns in
thickness (Martola et al., 1968). They are also reported to be more elastic (Zeng et al., 2001).
Ideally, human corneas should be considered for further experiments, as has been done in the
study conducted by Draelos et al. (2020). However, it is important to note that use of porcine
material enables large sample sizes without waste of potential human donor corneas. It is the
reason why porcine corneas were used in this study.

The rubber base used to fix the porcine eyes made them easily accessible. The actual human
orbit encapsules the eye, and facial structures such as the brow area and the nose make it
oftentimes challenging to reach the desired structures. Robot placement would still need to be
tested on human head models to see if the mounted instruments could reach the desired eye
structures. Another thing to be considered is that during a clinical operation, body movement
of the narcotized patient may occur, for example due to breathing. Movement of the tissue is
not accounted for in the robotic setup. Apart from the above-mentioned, rather specific

limiting factors, further sources of error include inaccuracies in robot- or OCT-calibration.
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Further limiting factors address intraoperative OCT. In our experiments, it is necessary to
continuously adjust the acquired cross section of the cannula to ensure depth information at
any point in time throughout the procedure. This may require the surgeon to be more
concentrated, which may in turn lead to a higher failure rate.

Most importantly, OCT cannula segmentation and thus, its accurate spatial resolution and
localization within the cornea, can be approximated, but not accurately represented (Zhou et
al., 2017). Difficulties include image speckle, low contrast, signal loss due to shadowing, and
refraction artifacts (Rieke et al., 2015). More importantly, however, the cannula in OCT
images and has illusory needle reflection (Adebar et al., 2014). As for postoperative analysis,
the deviations were more easily controlled for. However, during insertion, the surgeon had to
assume the instrument’s true localization below the shadow in the real-time projections,
which may have contributed to more conservative insertion. Certainly, it made the system less
intuitive and thus not adequate for clinical application.

Accurate visualization of ophthalmic surgery instruments in OCT is challenging but has

promising implications. It remains a topic of interest for further research.

4.3.2 Validity

In our studies, trials post air-injection have been considered successful when deep air deposit
was visible with a demarcation plane located right above the DM. However, no actual
pneumo-dissection occurred, due to the composition of the porcine corneas (see 4.3.1). It is
thus questionable whether the named events were valid indicators of a potentially successful
big-bubble formation. On the other hand, studies using human corneas could display an actual
dissection of the DM and corneal stroma in OCT acquisitions (De Benito-Llopis, 2014).
Additionally, micro-perforation may be present, but not be visible in OCT. Failure due to

micro-perforation was thus not respected in this study.
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Regarding angle analysis, it is important to note that test captures in manual trials may not be
valid, as they may deviate during the actual insertion. The second set of samples was therefore
analysed by pre-setting the angle using the robot. Other than in manual performance, by aid of
the robot, the priorly determined angle could be maintained throughout insertion and thus

present a valid measure.

4.3.3 Feasibility

As discussed in 4.2, it is conceivable that novice surgeons may benefit from getting
accustomed to the procedure aided by intraoperative OCT or a coupled system including
robotic assistance. However, if novice surgeons start to rely on these support tools, they may
not be able to perform DALK manually. This is in turn may be a downside, since many
operation rooms are not equipped with intraoperative OCT, and purchasing a robot may not
be affordable for some medical institutions. Utilization of the coupled system should thus be
limited to the introduction to the technique.

In turn, surgeons who are experienced with DALK procedure may find it hard to get used to
the robotic system, which requires its remote controlling as well. Experienced surgeons may
not want to abort their usual technique and may also not see any benefit in using it. If they
choose to adopt the system, the familiarization with the system may take a lot of training time.
If employed on the patient, complication rate may initially rise, as the surgeons may have
trouble applying the system at first and replacing their usual technique.

Employing a robot in the operation room furthermore raises questions on how to perform its
placement, calibration, and the handling of its remote control in a way that it does not
compromise on sterility. It is necessary to conduct further experiments that include solutions

for sterile conditions as well.
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5. CONCLUSIONS

It could be demonstrated in this study that inexperienced surgeons were able to perform
DALK cannula insertion with subsequent air injection using both, manual and robot-assisted
technique, along with intraoperative OCT monitoring throughout the procedure. Both manual
and robot-assisted settings showed success rates consistent with similar studies as well as
clinical statistics of DALK success rates. We believe that tremor management and real-time
depth information account for higher accuracy in movements and thus account for these
findings.

Using the robot, a depth of a mean of 84% could be achieved among successful trials. This
was significantly deeper than in manual setting. It is also consistent with findings by recent
studies comparing a cooperative system of OCT-imaging and robotic aid against manual
surgery without imaging.

Since a depth surpassing 79% increases likelihood of successful big-bubble formation, it is
feasible that reaching this depth without compromising on success rate may be beneficial. It
may increase the probability of successful big bubble formation by reaching higher depths
safely, thus lessen the numbers of conversion to PKP.

However, it is necessary to conduct further experimental research on robotic aid in DALK. It
should be simulated on human corneas such as in the setting of the work by Draelos et al.
(2020). Human corneal stroma is thinner and DM and stroma display actual pneumo-
dissection in OCT after air injection.

The employment of the surgical robot should furthermore be tested in a more realistic setting,
involving embedding eyes in human head and orbit models.

With DALK involving many benefits for the patient, for instance longer graft durability due

to significantly less graft rejection, it is conceivable that working towards making the
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procedure easier to learn and perform is worthwhile. Involving robotic aid and real-time OCT

imaging may present a first step towards improving DALK success rates.
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