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Abstract: This review provides an overview of the histori-
cal development and modern applications of femtosecond
(fs) lasers in ophthalmology, with a focus on the optical
concepts involved. fs-Laser technology is unique because it
allows very precise cutting inside the eye through optically
transparent tissue, without a need for any mechanical
openings. fs-Lasers were historically first used for refractive
cornea surgery, later also for therapeutic cornea procedures
and lens surgery. Further new areas of ophthalmic appli-
cation are under development. The latest laser system
concept is low pulse energy and high pulse frequency: by
using larger numerical aperture focusing optics, the pulse
energy required for optical breakdown decreases, and
athermal tissue cutting with minimal side effects is enabled.

Keywords: ablation of tissue; laser-induced breakdown;
laser materials processing; ophthalmic optics and devices;
ultrafast lasers; visual optics, refractive surgery.

1 Introduction

Medical laser technology over the past 40 years was
heavily influenced by ophthalmic surgery applications,
and vice versa. The optically transparent structures of the
eye, cornea, lens, and vitreous body, make delivery of the
laser energy at visible and near infrared (NIR) wavelengths
at different focal depths much easier than other tissue
types in the body, thereby giving access to surgical in-
terventions without having to open or mechanically enter
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the eye (Figure 1). Different types of lasers, with various
wavelengths, pulse durations and power levels interact
with eye tissues in a range of ways. For example, contin-
uous or long-pulse green light is used for local thermal spot
coagulation at the retina, while ns-pulses of UV light serve
for highly accurate surface ablation of tissue, e.g. for
reshaping the cornea surface. A broader overview and
more details of these laser—tissue interaction mechanisms
are given in excellent quality in several text books [1, 2].

This review article focuses on ultrashort-pulse NIR
lasers. It provides an overview of the technology history of
femtosecond lasers for ophthalmology as well as associ-
ated optical technologies like OCT imaging, and describes
modern optical concepts in depth. It also provides a brief
overview of medical procedures, particularly in vision
correction (refractive) surgery. The medical application
history and details of the ophthalmic surgical methods
involving fs laser use were already covered in more detail
in another recent review paper [3].

2 Solid-state laser technology in
ophthalmology

2.1 Nd:YAG laser with ns pulse durations

The first type of short-pulsed laser successfully used in
ophthalmology were the Q-switched Nd:YAG solid-state
lasers. They operate at near infrared (1064 nm) or visible
(532 nm) wavelengths, where important structures of the
eye (cornea, lens, and vitreous body) are highly trans-
parent. Their pulse durations are a few nanoseconds (ns),
and for ophthalmic applications pulse energies in the
range of 0.3-10 m]J are typically used [4].

When Nd:YAG laser pulses are strongly focused at a
location inside the eye, to spot sizes of a few microns, the
combination with short pulse durations creates very high
intensities at the laser focus, above 10" W/cm? Under these
conditions, a phenomenon called ‘optical breakdown’ oc-
curs. In the first step, multi-photon absorption leads to
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Figure 1: Cross-section of the eye. Cornea, crystalline lens, and
vitreous body are transparent in the healthy eye. Copyright©
Dardenne Clinic.

ionization of some tissue molecules, creating free elec-
trons. In the subsequent second step, these ‘seed’ electrons
absorb photon energy and are thus accelerated. After
repeated photon absorptions, electrons reach a sufficiently
high kinetic energy to ionize more molecules by impact
ionization, creating more free electrons. If the laser irra-
diation is intense enough to overcome electron losses, an
avalanche effect occurs [2].

When the extremely fast rising electron density ex-
ceeds values of approximately 10°°/cm’, a plasma state of
matter (cloud of ions and free electrons) is created at the
laser focus [2]. This plasma is highly absorbing for photons
of all wavelengths. Therefore, the rest of the laser pulse is

focused laser beam .
tissue

:

nonlinear absorption pressure

.

plasma

=
8
=~
s
Q
3

cavitation bubble

.

gas bubble

(a) (b)

DE GRUYTER

mostly absorbed by the plasma, increasing its temperature
and energy density (Figure 2).

The hot plasma rapidly recombines to a heated gas,
with a thermalization time of the energy initially carried
by free electrons of a few picoseconds (ps) to tens of ps [5].
This time is much shorter than the acoustic transit time
from the center of the focus to the periphery of the plasma
volume, leading to confinement of the thermoelastic
stresses caused by the temperature rise. Conservation of
momentum requires the stress wave emitted in this
geometrical configuration to contain both compressive
and tensile components [5]. If sufficient pulse energy
density is applied, the tensile stress wave becomes strong
enough to induce fracture of the tissue, causing the for-
mation of a cavitation bubble [5]. Depending on the pulse
energy, the pressure wave can reach supersonic speed
(shock wave). The high plasma temperature also leads to
almost immediate evaporation of the tissue within the
focal volume, generating water vapor and gases like H,,
0,, methane, and ethane [6]. The resulting gas pressure
pushes the surrounding tissue further away (Figure 2).
The maximum volume temporarily achieved by the bub-
ble scales with the pulse energy above the threshold for
laser-induced optical breakdown (LIOB). During bubble
expansion, the internal pressure ultimately can drop
below atmospheric pressure due to the outward moving
material’s inertia, resulting in the bubble dynamically
collapsing. The bubble collapse may create another shock
wave [2]. All these effects together are often referred to as
“photodisruption” of tissue.

tissue

5-100 pm

Figure 2: fs Pulse laser effects in tissue: (a) sequence of events, (b) plasma diameter range (red) and emitted pressure wave pattern (circles),
and (c) range of possible cavitation bubble dimensions (pulse energy dependent) [11].
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With typical ophthalmic Nd:YAG laser pulse energies,
cavitation bubble radii are in the range of 1000-2000 pm,
and shock wave amplitudes at 1 mm distance from the
focus reach 100-500 bar [7]. These rather pronounced
mechanical side-effects restrict the use of Nd:YAG lasers.
When shorter pulse ps (107 s) lasers became available,
their mechanical side-effects proved to be smaller, but still
too large for delicate tasks as required for many ophthalmic
applications. This limits Nd:YAG laser application in clin-
ical ophthalmology [3].

2.2 Femtosecond lasers

Femtosecond (fs: 107" s) lasers are a more recent advance
in solid-state laser technology. They operate at near-
infrared wavelengths similar to Nd:YAG lasers but at
pulse durations of less than 1 ps. As the threshold radiant
exposure (J/cm?) for inducing LIOB in tissue is about two
orders of magnitude lower in the fs pulse duration regime
than at 10 ns [8], much lower pulse energies can be
applied to separate tissue. High pulse frequencies from
15 kHz up to even MHz are then used to create continuous
cut planes inside the tissue by placing many pulses close
to each other with three-dimensional beam scanning
systems.

The lower pulse energies lead to a drastic reduction of
the mechanical side effects of the LIOB. For 300 fs pulses of
0.75 pJ energy, the generated cavitation bubbles have radii
of only 45 pm in water, which is almost two orders of
magnitude smaller than for ns pulses with energies in the
m] range [9]. Also, the associated pressure waves are much
weaker, 1-5 bar at 1 mm distance [10] (Figure 2). This pro-
cess is referred to as “plasma-induced ablation”, as the
disruptive mechanical side effects of ns pulses described
above are absent. Also, the thermal side effects of fs pulses
in tissue are almost negligible [2].
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2.3 Modern low pulse energy high pulse
frequency fs lasers

Early fs lasers for ophthalmic surgery used relatively high
pulse energies of about 10 pJ [12, 13]. In order to further
reduce pulse energies and accompanying side effects at a
given wavelength, two process parameters can be optimized:

First, by shortening the pulse duration: the latest fs
lasers can achieve pulse durations of 200-300 fs, while
earlier models had pulse durations of up to 800 fs.

Second, by reducing the focal spot size: the focal vol-
ume of a Gaussian laser beam is dependent on the axial
extension, the so-called Rayleigh range (zz = mw,’/A) and
the beam waist wy = fA/mw;, where fis the focal length of
the lens, w, the beam radius at the focus, and w; the beam
radius at the focusing lens. In other words, the focal vol-
ume varies inversely with the cube of the numerical aper-
ture NA = w;/f of the focusing optics (Figure 3). The larger
the numerical aperture NA, the smaller the focal spot and
finally, the smaller the energy threshold for LIOB [14].

To practically increase the NA, either the lens diameter
of the focusing optics can be increased, which quickly
leads to bulky and over-proportionally expensive optics at
higher NAs, or the focusing optics can be positioned closer
to the eye. The first approach was introduced by Intra-
Lase™ in 2003 to the market and is still used by the ma-
jority of laser systems. Ziemer Ophthalmic Systems
implemented the latter approach, bringing smaller laser
focusing optics closer to the eye. This was achieved using a
microscope lens with a short focal length as focusing op-
tics. Using this approach pulse energies could be reduced
by more than a factor of 10. Guiding the laser beam via an
articulated mirror arm to a handpiece containing the
focusing optics enabled a compact device design. The
handpiece made it possible to use the laser under a surgical
microscope without the need to move the patient during
the surgery.
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Figure 3: The focal volume of a Gaussian laser

fI beam scales inversely to the cube of the

" numerical aperture NA = w, /f of the focusing

lens. The larger the NA, the smaller the focal

spot volume. Copyright© Ziemer Ophthalmic

Systems.
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First systems designed for corneal surgery were
released to the market in 2007. Overall, the system was
more compact and lightweight as conventional systems.
Integrated wheels enabled mobile use in different build-
ings and transport between clinics in a small van.

3 Femtosecond laser-tissue
interaction

The ultrashort pulse laser-tissue interaction process regime
is determined by seven key laser parameters:

Pulse energy

Pulse repetition rate

Pulse duration

Wavelength

Focusing power (NA of the focusing optics)

Focus spot shape (Gaussian or other, more or less ab-
erration-free)

Spatial pulse spacing (pulse raster and scan patterns)

Based on the above laser parameters, the nature of the
cutting processes of the two groups of fs lasers differs. In
the high pulse energy laser group, the cutting process is
driven by mechanical forces applied by the expanding
bubbles. The bubbles disrupt the tissue at a larger radius
than the plasma created at the laser focus (Figure 4a). On
the other hand, in the low pulse energy group, spot sepa-
rations smaller than the spot sizes are used for spatially
overlapping plasma interaction regions. Evaporation of the
tissue inside the plasma volume effectively separates tissue
without a need for secondary mechanical tearing effects
(Figure 4b). When in addition high pulse frequencies are
applied (MHz range), the effective cutting speeds achieved
are similar to the high energy laser group.

High pulse energy
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The benefit of tissue cuts achieved by overlapping
plasma interaction zones with low energy pulses is a
uniquely smooth surface, with virtually no damage to the
adjacent tissue [15]. This is particularly important for the
quality of cuts in the human cornea for refractive eye sur-
gery, such as so-called “flaps” and lenticular cuts (see
Chapter 4 below). Also for the cutting of other delicate eye
tissues in cataract surgery and therapeutic cornea surgery
this regime is beneficial — see [3] for more details. High
energy pulses with low pulse frequency, on the other hand,
rely partially on mechanical tearing for tissue separation in
between the actual laser foci. This tearing is accompanied
by more stress or potentially even damage to the adjacent
tissue [16], as shown by the levels of stress hormones
detected after laser treatments [17].

In general, only the fraction of energy within a laser
pulse that is actually absorbed inside the tissue is respon-
sible for interactions with tissue. Using the nomenclature of
Vogel et al. [18] and including the terms linear absorbed
energy and subthreshold material modification, the
following diagram (Figure 5) depicts the energy redistribu-
tion of the emitted laser energy of a surgical laser device at
the end of the tissue dissection process. Only nonlinear
absorbed energy contributes to the tissue dissection pro-
cess. This portion of the emitted energy is approximately
10-25% for fs pulses, but depends highly on the actual
process parameters [18].

As the linear absorption of the IR wavelengths
(1030-1060 nm) used in clinical fs lasers in transparent eye
tissues is very low, on the order of 0.1 cm™ [8], the initial
part of a laser pulse is mostly transmitted until the irradi-
ance threshold for LIOB is reached in the center of the
focus. For pulse energies only slightly above the threshold,
more than 50% of the incident energy can be transmitted
beyond the focus [18], as a divergent beam with rapidly
decreasing irradiance (thus dissipating harmlessly). In

Low pulse energy

Figure 4: a) High pulse energy, low pulse
frequency (large spot separation). The color
gradings symbolize the strain levels in the
tissue surrounding the induced bubbles;

b) low pulse energy, high pulse frequency
(small spot separation, overlapping plasma
interaction zones). Copyright© Ziemer
Ophthalmic Systems.

(b)



DE GRUYTER

T. Asshauer et al.: Femtosecond lasers for eye surgery =—— 397

Responsible for tissue dissection

@

Inside focal region
)

Plasma Radiation Energy
Evaporation Energy

Reflected Energy N o P s

Incident Energy
from Laser

‘ Scattered Energy ];

/L Nonlinear Absorbed Energy

lo

Mechanical Energy
©
Cauvitation Bubble Energy

Acoustic Wave Energy

Outside focal region

o

L,\ Subthreshold material modification ‘

| Higher harmonic generation

™ Linear Absorbed Energy ‘

Figure 5: Redistribution of energy in a pulsed laser process for tissue dissection. Copyright© Ziemer Ophthalmic Systems.

practical ophthalmic use, scattering and absorption of the
laser radiation by somewhat opaque tissue can also reduce
the amount of energy reaching the laser focus. For
example, laser cutting the cornea at locations with scars
requires higher pulse energies than in normal clear cornea.
The energy losses depend on the thickness of the scattering
material that the laser light is traveling through before
reaching the focus. Therefore, the energy loss is more se-
vere when cutting through a several mm thick cataract lens
nucleus than through corneal scars, which are only frac-
tions of 1 mm thick, and can reach double-digit percent-
ages of the incident energy.

fs Laser pulses with energies moderately above the
LIOB threshold, the generated plasma reaches only a much
lower density than with high energy pulses [8]. Thus, the
thermal energy transferred to the nearby tissue after each
laser pulse is correspondingly very low. This in combina-
tion with the low linear absorption leads to an overall
process that can be considered as non-thermal. Visible
tissue modifications that could be attributed to a thermal
interaction are limited to the outermost surface of a cut
with an extent of less than one micron (i.e. smaller than a
cell) [2]. This is in contrast to other laser-tissue interaction
regimes, where thermal effects are either intended or pre-
sent although unwanted. In those regimes, the applied
laser dose can be an appropriate quantity to characterize
the laser process. As can be appreciated from Figure 5, the
emitted or incident energy in terms of an overall dose
insufficiently characterizes fs laser tissue interaction. This
holds true for both low and high energy regimes. To the
best of our knowledge and after 20 years of clinical use and
research, there are no reports of clinically relevant thermal
side effects of the use of fs lasers.

More important than an overall dose are process pa-
rameters that contribute to mechanical effects. First and
predominantly, the part of the pulse energy which directly
contributes to cavitation bubble energy and shock waves
(which can have effects at some distance away from the
laser focus) [18]. In contrast to thermal effects, which are
negligible, the fs process regime (i.e. low vs high pulse
energies) changes the mechanical impact on tissue layers
adjacent to the cut. In a comparative study of nJ and pJ
pulse energy fs-laser cutting of cornea [15], it was shown
that the lower pulse energy regime avoided cell damage
and reduced inflammation reactions in the adjacent stroma
tissue.

In modern versatile ophthalmic fs-laser systems, a
large range of pulse energies is available, so that adapted
amounts of pulse energy can be used for each tissue type
and geometry. By using just the required amount of pulse
energy, not more, the mechanical side effects described
above as well as gas production are minimized.

4 Supporting technology needed in
ophthalmic fs-laser systems

To achieve practical fs-laser systems for clinical use, some
critical supporting technologies need to be developed as
well. Most notable is the patient interface system that
connects the eye via suction to the laser beam delivery
system and ensures a stable relative position during
treatment. Further laser beam scanning technologies have
to be applied, and finally imaging of tissue structures is
required in order to place cuts at a desired location.
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4.1 Patient interface systems

For some laser systems, the patient’s head is placed under a
gantry containing focusing optics. A sufficiently long
working distance is required to allow the patient’s head to
move in and out. Either the gantry has to move for docking,
or the patient support device. In other systems, an articu-
lated arm with a handpiece with focusing optics at its end is
used. Due to the flexible arm, the optics can be moved very
close to the eye (Figure 6). The patient is kept stationary
during docking.

The actual eye contact is established via sterile, single-
use parts, called “patient interfaces”. Two different types
are in use: applanating interfaces with a curved or flat
interface directly contacting the cornea or so-called liquid-
optics interfaces, where a vacuum ring creates contact to

e
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the sclera or the outer cornea, and the center is filled with
liquid. The liquid-optics interfaces allow laser energy
transmission while leaving the cornea in its natural shape
(Figure 7) [19]. They are mainly used in cataract surgery
applications (see Chapter 6 below). Applanating interfaces
very effectively stabilize the cornea position during surgery
through mechanical contact. They are slightly more inva-
sive, and used mostly in refractive surgery applications,
where maximum precision of intracorneal cut positions is
of key importance (see Chapter 4).

The stability of the docking contact during laser
emission is of primordial importance. Loss of contact har-
bors the risk of cutting in wrong planes. Therefore, all la-
sers are designed to automatically monitor vacuum levels,
sometimes complemented with imaging of the eye position
(eye tracking), and to immediately stop laser emission

— Laser beam

—— Distance from optics to eye

— R
s

Figure 6: Typical eye docking methods of fs lasers (a) head under laser gantry, long distance from optics to (b) articulated arm with handpiece
placed onto the eye, very short distance from optics to eye; green markings indicate working distance of laser optics. Copyright© Ziemer

Ophthalmic Systems.

Applanation Vacuum

(a)

Figure7: Typical patientinterface designs: (a) contact interface in direct touch with the cornea (flat). (b) Liquid optics interface, no direct touch
on the cornea, no deformation. Copyright© Ziemer Ophthalmic Systems.
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upon loss of contact. Of course, the eye surgeons also
monitor their patients during the procedure. In case of laser
systems with an articulated arm, the surgeons can also use
their manual skills to actively stabilize the laser handpiece
while in contact with the eye. This can prevent vacuum loss
when patients move unintentionally during surgery. In any
case, after a vacuum loss the treatment can usually be
resumed immediately after a new docking.

4.2 OCT and alternative imaging technology

In addition to integrated camera systems that provide a
frontal view of the eye, some laser systems provide depth
ranging. Optical coherence tomography (OCT) is an optical
technology allowing to image structures inside tissues,
similar to ultrasound, but with a near microscopic resolu-
tion of 5-20 pm [20, 21].

The first application of OCT for biological purposes
was described by Adolf Fercher et al. for the in vitro mea-
surement of the eye’s axial length in 1988 [22]. The early
clinical OCT systems used time domain (TD) OCT tech-
nology, where the length of the reference arm of an
interferometer is mechanically changed. Due to speed
limits of this process, these early devices were limited to
1D scans (A-scans), or later small 2D scans consuming a lot
of time. The frequency-domain OCT (FD-OCT, also known
as “Fourier domain”) technology meant a technological
breakthrough: it used a fixed reference arm length but a
spectrometer with a linear detector array instead of a
single detector. Optical path length differences between
the interferometer arms in this case produce a periodic
modulation in the interference spectrum. By Fourier
transformation, entire A-scans can be retrieved from the
measured spectrum at the frame rate of the detector array
[2]. FD-OCT enabled much higher scan speeds, making 2D-
and even 3D-imaging feasible in routine clinical use. The
first ophthalmic application of FD-OCT was published in
2002 [23].

Later, a variation of frequency-domain OCT technol-
ogy was developed, “swept-source” (SS) OCT. In this case,
a tunable light source with a frequency sweep indicated
by a saw-tooth frequency profile over time is used in
combination with a fast single-pixel detector instead of a
spectrometer. As FD-OCT, SS-OCT can achieve shot-noise
limited resolution with the advantage of larger measure-
ment ranges. Further details of OCT technology, and ad-
vantages and limitations of its different versions, exceed
the scope of this review, but can be found in Chapter 7.3 of
the textbook by Kaschke et al. [2].
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The initial ophthalmic use of OCT was exclusively for
retinal imaging. Starting in 1994, the technology was also
developed for imaging the anterior segment of the eye
[24]. The possibility of quickly creating high-resolution
cross-section images of the cornea, anterior chamber,
and lens was a prerequisite for practical cataract surgery
laser systems. Imaging and OCT guided surgery was first
envisioned by Zeiss and first demonstrated for imaging
guided femtosecond laser surgery by H. Lubatschowski
et al. [25].

In most modern cataract fs-laser systems, 3D OCT scans
are performed after docking the laser interface to the eye.
The LENSAR™ system uses a different technology, a 3D
confocal structured illumination combined with Scheimp-
flug imaging [26, 27].

Scheimpflug imaging uses a tilted arrangement of ob-
ject and image planes, with the imaging lens positioned in
between at an appropriate angle. Combined with a slit
illumination, it allows the simultaneous sharp imaging of a
section of tissue at different depths of the anterior segment
of the eye, i.e. imaging of cornea and lens simultaneously.
With rotation of this imaging setup around the optical axis
of the eye and software processing of the resulting images, a
3D image of the entire anterior segment can be achieved [2].
This principle was first described by Theodor Scheimpflug
in 1904. The first commercial medical Scheimpflug camera
was the Topcon SL-45, the first rotating video version with
electronic image analysis was the Zeiss SLC [2]. Today the
principle is routinely used in many diagnostic eye imaging

Figure 8: Example of the OCT-guided placement of an fs laser cut
pattern for cataract surgery: blue: corneal anterior and posterior
surface, pink and purple: lens anterior and posterior surface, green:
iris plane, yellow: capsulotomy cut, brown: safety margins to iris.
Copyright© Ziemer Ophthalmic Systems.
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devices, such as cornea topographers, as well. Scheimpflug
technology has limitations in accuracy, in particular with
respect to visualization of tissue boundaries in the context
of decreased transparency (i.e. corneal scars). However, it is
possible to estimate the density of the lens based on
measured local light scattering and to adapt the lens frag-
mentation pattern accordingly [28].

Independent of Scheimpflug or OCT technology, the
resulting images are then analyzed by image processing
software, identifying the tissue boundaries of interest
[29]. These are notably the anterior and posterior sides
of the cornea, the anterior and posterior surfaces of the
lens, and the iris. This information is used to automat-
ically propose the suitable positions inside the eye for
the planned laser cuts, which are also displayed on
screen for checking and confirmation by the eye surgeon
(Figure 8).

4.3 Scanning technology

In order to achieve a medically desired cut pattern inside
the eye, the individual laser spots need to be arranged in
suitable geometrical patterns. The calculation of such pat-
terns is achieved by software, which also controls the
scanning systems to position the laser foci in lines, planes,
or even 3D geometries. Optical scanning of the laser focus in
two dimensions can be achieved by galvanometer-driven

Figure 9: Laser focus scan pattern used for cornea “flap” cutting
during refractive LASIK surgery. Copyright© Ziemer Ophthalmic
Systems.
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scanning mirrors, combined with another mechanism to
change focus position along the beam axis. Alternatively,
3D positioning of the focus by mechanical displacement of
focusing optics with a reduced field diameter, combined
with a fast micro-scanning technology, is also used.

An example of a cut pattern used for cornea flap cut-
ting (see Chapter 4.1 below) is shown in Figure 9.

5 Clinical applications history

The first reported ophthalmic use of short pulse lasers at near-
IR wavelengths was in 1979 by Aron-Rosa, who treated pos-
terior capsule opacification (PCO) after cataract surgery [30].
In 1989, Stern et al. demonstrated that by decreasing pulse
width of ultrashort-pulsed lasers from nano- to femtosec-
onds, ablation profiles showed higher precision and less
collateral damage [31]. At the same time, optical coherence
tomography developed and provided non-invasive 3D in vivo
imaging with fine resolution in both lateral and axial di-
mensions at a micrometer level [32]. These developments
offered ophthalmic surgeons a tool for high precision cutting
and visual control through imaging and ultimately allowed a
gamut of treatment applications for such lasers within the
field of ophthalmology. Improvements of the laser focusing
optics with higher numerical apertures and higher pulse
frequencies of the laser sources have further decreased
collateral damage while increasing precision.

The first FDA approved clinical fs-laser system for
ophthalmology, the IntraLase™ FS, was launched in 2003
[12]. It was used for corneal cuts in laser in situ keratomil-
eusis (LASIK), a refractive surgery (see Chapter 4.1 below),
and replaced mechanical cutting devices called micro-
keratomes. Its first commercial version operated at a 15-kHz
pulse frequency and pulse energies of several pJ [13].
Further fs-laser systems for corneal surgeries were launched
by multiple manufacturers in the following years. In 2007,
the Ziemer FEMTO LDV™ first introduced a new low pulse
energy and high pulse frequencies approach.

In 2009, the LensX™ system was introduced, the first
commercial fs-laser designed for cataract surgery, thus
opening another sector of ophthalmic fs-laser application
[33]. Initial versions operated at 33 kHz pulse frequency
and pulse energies of 6-15 pJ [34]. LensX became part of
Alcon, and again, in the following years, multiple other
manufacturers launched similar products. In 2014, the first
low pulse energy fs laser system for cataract and cornea
surgery, the Ziemer FEMTO LDV Z8™, was introduced to
the market. See Latz et al. [3] for more detailed history.
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Figure 10: Illustration of different types of
refractive error and their correction with
lenses. Corneal refractive surgery changes
the shape of the cornea according to the
corrective lenses. Copyright© Dardenne
Clinic.

Figure11: Cornealflaps cut by fs-laser: (a) straight plane (red) with continuously curved sides cut during vacuum docking to a flat interface and
(b) angulated side cut options (3D cutting geometry). Copyright© Ziemer Ophthalmic Systems.

6 Refractive surgery

The human eye functions like the lens of a camera. Images
are focused on the retina through a converging system
composed mainly of the cornea. If the corneal curvature
and thus its refractive power do not precisely match the
axial length of the eye, refractive problems like near-
sightedness (myopia) or far-sightedness (hyperopia) ensue
(Figure 10). Refractive surgery consists of either reducing
the refractive power of the cornea (by flattening) or
increasing its power (by steepening) or modifying its cur-
vature on a determined meridian to correct astigmatism
(cylindrical correction).

6.1 fs Flap creation for refractive surgery

In the laser in situ keratomileusis (LASIK) procedure, a
corneal flap is created. The flap is lifted and then excimer- or
solid-state UV-laser energy is used to change the cornea’s
refractive power by flattening or steepening the stromal

bed. Later, the flap is repositioned. Before the advent of fs-
laser technology, the flap was created using mechanical
devices called microkeratomes. With fs-laser technology,
the flap can be completed in various patterns (Figure 11).
Kezirian et al. compared fs-(IntraLase™) created flaps to
those with two different microkeratomes: they found more
predictable flap thickness, better astigmatic neutrality, and
decreased epithelial injury in the fs group [35]. Chen et al.
confirmed the superiority of fs-laser-created flaps over
those cut by microkeratomes. Therefore, in recent years, fs-
technology has superseded microkeratomes in preparing
flaps for LASIK [36].

6.2 Corneal intrastromal pockets and
lenticule extraction

Multiple refractive surgery methods use fs-laser cuts to
create “pocket”-shaped openings in the cornea, from
which material can be either removed or implanted. In both
cases, the refractive power of the cornea changes.
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While many fs-associated surgical interventions in
ophthalmology are merely improvements of pre-existing
techniques, corneal stromal lenticule extraction is unique to
fs-laser technology: in 1994, C. Swinger and T. Shui described
for the first time the concept of a corneal lamellar disc isolated
by means of a scanned beam of focused ultra-short laser
pulses in a patent application [37]. The first physical imple-
mentations of this innovative procedure were developed
independently and simultaneously by several groups of sci-
entists in Germany and in the USA, and demonstrated in
laboratory experiments and animal studies in 1999 by T.
Juhasz’ group [38] and by L. Lubatschowsky’s group [6, 10, 39].

Clinical trials in partially sighted human eyes were first
reported in 2003 [40]. The first clinical version of a lenticule
extraction procedure, which used a flap cut like in LASIK
which was opened to extract the lenticule from above, was
introduced in clinical treatment of refractive surgery pa-
tients in 2007 [41] and dubbed “FLEx” (Femtosecond
Lenticule Extraction).

A refined version, which uses only a small access
tunnel incision instead of opening a flap, was first reported
clinically in 2010 [42]. It became known under the brand
name ‘SMILE’ (small incision lenticule extraction) of the
Carl Zeiss Meditec AG, and largely replaced FLEx in clinical
use. It was initially used to treat myopia only, and after
some further development also myopic astigmatism [43].
Later, other companies introduced their own laser systems
for similar lenticule procedures under different brand
names, including ‘SmartSight’ by Schwind and ‘CLEAR’
(corneal lenticule extraction for advanced refractive
correction) by Ziemer Ophthalmic Systems AG.

The procedure is a laser refractive technique that uses
only a single femtosecond laser system to create a pocket
and to dissect a lenticule-shaped piece of tissue inside the
corneal stroma. The content of the pocket — the lenticule —is
removed via a small access tunnel incision. As a result, the
cornea is flattened (see Figure 12). Instead of a side cut of
approximately 270 arcuate degrees, as in LASIK, lenticule
extraction requires only a small arcuate cut of about 90°.
Thereby more of the corneal nerves and Bowman layer
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Incision

Guiding tunnel

Figure 12: Schematic view of intrastromal
lenticule cuts performed by fs-laser. The
lenticule created between the anterior
(blue) and posterior (yellow line) cut planes
is extracted by the surgeon via an incision
(green line). Optionally, there is a second
incision created to help mobilize the lenti-
cule. Copyright© Ziemer Ophthalmic Sys-
tems.

remain untouched. In addition, sculpting the lenticule
instead of ablating the same amount of tissue requires less
laser energy. Therefore, the potential advantages of the
lenticule technique over traditional LASIK include reduced
iatrogenic dry eye, a biomechanically stronger post-
operative cornea with a smaller incision, and reduced laser
energy required for refractive corrections [44—49].

However, the lenticule procedures have a steeper
learning curve for surgeons. In a study by Titiyal of 100
consecutive cases, lenticule dissection and extraction was
the most difficult step with 16% complication incidence in
the first 50 cases with the potential for severe complica-
tions [50]. Izquierdo recently published a study of five eyes
of five patients, who were treated with guided lenticule
extraction, where two separate incisions were cut with a
low-energy femtosecond laser — one for the anterior plane
of the lenticule and one for the posterior plane. This sep-
aration allowed for safer identification of the dissection
plane and reduced complications [51]. One disadvantage of
lenticule extraction is the difficulty of correcting hyper-
opia, since added curvature and not a flattening procedure
is required. Current research is experimenting with decel-
lularizing and preserving extracted lenticules for implan-
tation into corneas that are too thin or not stable enough
[52]. In a prospective, randomized paired-eye study, SMILE
demonstrated good refractive outcomes in terms of pre-
dictability, efficacy, and safety. Since LASIK is reportedly
an extremely safe and predictable procedure, it is unlikely
to prove superiority of alternative methods [53].

7 Corneal surgery — keratoplasty
7.1 Full thickness keratoplasty

In keratoplasty (cornea transplantation), a corneal button
from a deceased donor is sutured into the recipient cornea,
either full thickness (“penetrating keratoplasty”) or only
anterior or posterior layers of the cornea (“lamellar
keratoplasty”).
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The leading cause of poor visual outcomes after kera-
toplasty is induced astigmatism. The better the trephination
(cut to separate the corneal button from the cornea) of donor
and recipient, the better the fit between the transplant and
the recipient, and the lower the astigmatism.

7.1.1 Trephination

A perfect trephination system produces a congruent
recipient bed and donor buttons and thereby allows well
centered tension-free fitting, and efficiently waterproof
adapting incision edges [54]. Different trephination sys-
tems are currently available: handheld, motor-trephine,
excimer- or fs-laser based. Comparison of motor-trephine
and excimer-based trephination has shown better align-
ment of the graft in the recipient bed after excimer laser
trephination [55].

It is often problematic to ensure proper centration with
trephination in the recipient eye. fs Technology allows for
perfect limbal oriented centration through OCT-visualization.

Another problem with trephination is the mechanism
by which the recipient eye and donor button are fixated
and stabilized: any mechanical impact on the tissue during
trephination causes compression and distortion and will
decrease the fit of recipient and donor (Figure 13). Common
fixation mechanisms include vacuum, applanation, and a
combination of both (vacuum suction with applanation).
While fs-technology avoids some of the pitfalls of me-
chanical trephination, comparison of fs- and excimer-
assisted trephination showed, nevertheless, superiority of
alignment in all sutures-out keratoplasty patients in the
excimer group [56].

Different stabilization systems could explain this su-
periority: while excimer laser-assisted keratoplasty does
not require applanation of the cornea, it is needed for the
fs-laser used in the cited studies. A new liquid optics
interface assisted fs-keratoplasty method developed by
Ziemer could solve this problem: here, cutting both recip-
ient and donor is achieved within a liquid interface, which
leaves the curvature of the cornea undisturbed. This re-
duces shear- and compression artifacts in the tissue and
improves congruent fitting of the recipient and donor [57].
It will, therefore, be interesting to compare liquid optics
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Figure 13: Comparison of donor and recipient
, trephination profiles. (a) Applanation and

(b) liquid optic interface. Copyright©

Dardenne Clinic.

epithelium
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Figure 14: lllustration of corneal layers. Copyright© Dardenne
Clinic.

interface fs-trephinations with excimer laser-assisted
trephinations in the future.

7.1.2 Sidecuts

In femtolaser assisted keratoplasty (FLAK), different side-
cut profiles can be chosen. Theoretical advantages
include increased wound surface and thereby accelerated
healing and wound stability, better vertical and horizon-
tal alignment of the recipient and donor [58], preservation
of healthy recipient corneal endothelium, or trans-
plantation of proportionally more endothelial cells with a
top hat profile [59, 60]. It remains to be seen if other fac-
tors, such as suture techniques, have to be modified to
transmit these theoretical advantages into true clinical
benefits [60].

7.2 Lamellar keratoplasty

The cornea is structured in five parallel layers (Figure 14).
Often, not all layers of the cornea are diseased. Scars from
trauma or infection commonly involve the anterior layers.
In contrast, some inherited corneal diseases affect only the
inner most layers. Selectively transplanting the patholog-
ical layers has several advantages: less tissue is being
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transplanted, and thereby rejection is limited. With the
scarcity of donor material, a donor button can theoretically
be divided between two recipients. The integrity of the eye
is less constrained. Since there is little adhesion between
the interfaces of the corneal layers, manipulation at these
levels is possible and visual results are excellent.

In deep anterior lamellar keratoplasty (DALK), approx-
imately 95% of the anterior corneal layers are removed, and
only the innermost layers, Descemet membrane and endo-
thelial cell layer stay behind [61]. In contrast, in posterior
lamellar keratoplasty the old, non-functioning innermost
layer of the cornea is removed and replaced with the same
layer of a donor. In both surgeries, fs laser systems help to
separate corneal layers at an individually chosen depth and
allow for perfect centration, shape, and size of various cuts.

This short overview of corneal surgery underlines the
immense versatility and breadth of applications fs-laser
technology provides in corneal surgery. A more in depth
description of surgical methods in fs-laser assisted corneal
surgery is given in a recently published review [3].

8 Cataract surgery

In cataract surgery, the natural lens, which has lost its

transparency with age, is replaced by an artificial intra-

ocular lens (IOL). Nagy was the first reporting on the use of

fs-laser for cataract surgery in 2009 [33]. There has been a

quick evolution of the technology and platform ability

since then by several manufacturers. Currently, modern

and commercially available fs systems allow the following

steps to be taken over by the machine:

a) Imaging and measurement of the anterior segment of
the eye (incl. cornea, anterior chamber, iris, lens).

b) Planning of fs laser cut application to the tissue (incl.
location depth, pattern, and size).

¢) Corneal incisions (full-thickness for the introduction of
instruments to the eye or partial thickness for treat-
ment of corneal astigmatism).

d) Circular incision to the anterior lens capsule
(capsulotomy).

e) Fragmentation of the cataractuous lens nucleus.

For all of the above-mentioned purposes, the eye must be
fixed to laser optics by vacuum docking for precise laser
application to the intended area and depth, using the
technology described above. A recent comprehensive
comparison table of the main technical parameters of fs
laser systems for cataract surgery, as well as their coverage

DE GRUYTER

of other applications, can be found in another review paper
by Latz et al. [3].

The main advantages of fs-assisted cataract surgeries
are the precision and repeatability of laser incisions to the
tissue, reduction in ultrasound energy used for emulsifica-
tion (liquification) of the lens nucleus by pre-cutting it into
small pieces, perfect sizing of corneal incisions with regard
to position, length, and depth, and predictability in capsu-
lotomy size and position. Despite the aforementioned
obvious advantages and numerous studies showing supe-
riority in performing the single surgical steps over the ones
manually performed by surgeons, meta-analysis studies
could not prove overall outcome advantages of fs-laser
assisted surgery versus the conventional phacoemulsifica-
tion manual operation [62, 63]. Nevertheless, review articles
emphasize usefulness of fs-assisted cataract surgery in some
patient groups, i.e. those with low corneal endothelial cell
counts, but a clear advantage of the fs method over manual
phacoemulsification is not reported in routine cases [64, 65].
Some problems of first generation fs-lasers (e.g. intra-
operative pupil narrowing) have been solved by the intro-
duction of low-energy laser concepts [66].

In the following chapter, we briefly describe the main
steps of the cataract surgery taken over by the fs-laser machine.

8.1 Capsulotomy

Traditionally, cataract surgeons access the cataractuous
lens by manually opening the anterior lens capsule by
pulling in a continuous curvilinear manner, using a needle
or forceps. Size, position, and shape of the capsule opening
are related to the effective lens position, a determinant of
the IOL power. The IOL power determines the post-
operative refractive error of the eye. Inappropriate sizing of
the capsular opening may result in IOL tilt, decentration,
and increased posterior lens capsule opacification [67-69].
Perfect lens position is of particular importance to I0OLs
with complex optical properties, e.g. multifocal and toric
lenses (for astigmatism correction), or those with an
extended depth of focus [70, 71].

fs-Lasers provide precise, predictable, repeatable,
well-centered capsular openings, called laser capsu-
lotomy, even in challenging cases [3]. Machine superiority
has been demonstrated in several studies [69, 72]. Inno-
vative IOLs are available that are dependent on perfect
capsulotomy sizing at a submillimeter level. Those designs
allow IOL centration based on the capsulotomy rather than
on the capsular bag [73].
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8.2 Lens nucleus fragmentation

The human lens loses transparency and flexibility
throughout life, thus a cataractuous lens cannot be removed
through a small incision by suction alone. Femtosecond
laser technology allows pre-cutting the nucleus in almost
any imaginable shape and reduces the ultrasound energy
needed for conventional phaco-emulsification. This is an
advantage as the ultrasound energy is a cause of oxidative
stress, heat, inflammation, and damage to the tissue [74].

8.3 Corneal incisions

Full-thickness incisions through the cornea are necessary
for the introduction of instruments into the eye. Tradi-
tionally a metal scalpel or diamond blades are used for
creating them in different sizes. fs Technology allows pre-
dictable sizing (width, length, and depth) of full-thickness
corneal incisions. Incorrect positioning of the incision
wound induces astigmatism and can provoke prolapse of
the iris during the surgery. Studies have shown increased
repeatability and safety of wound construction using fs
technology resulting in higher stability and water tightness
[75-77].

Partial-thickness incisions into the cornea help to
reduce preoperatively existing corneal astigmatism. fs
Technology allows higher predictability and repeatability
of partial thickness incisions, or even completely intra-
stromal corneal incisions [78]. fs-Laser-assisted corneal
incision could be as safe and effective as toric IOLs to
reduce astigmatism [79].

9 Future applications

Probably the most important evolutionary trends in
ophthalmic fs-laser devices are miniaturization, mobility,
and versatility. Tools available soon are fs laser-assisted
primary posterior capsulotomy and lens capsule marking
for positioning of toric IOLs. On the horizon, another
technology involves changing the IOL power post-
operatively through fs laser energy to achieve emmetropia
in all eyes [80].

10 Summary

In summary, fs laser technology has evolved over the past
decades into a precise, reliable, and versatile tool in
ophthalmic surgery. Combined with supporting technologies
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like sterile eye docking systems, OCT imaging, fast laser
scanning, and advanced software, ergonomic and robust
systems have become established tools in modern eye sur-
gery operating rooms. fs-Laser-assisted cataract and corneal
surgery have reached highly standardized levels worldwide.
For these surgeries, fs laser technology has improved patient
safety and clinical outcomes and enabled new surgical ap-
proaches. Research and development of even more applica-
tions is still evolving.

Author contributions: All the authors have accepted
responsibility for the entire content of this submitted
manuscript and approved submission.

Research funding: None declared.

Conflict of interest statement: T. Asshauer and C. Rathjen
are employees of Ziemer Ophthalmic Systems AG.

References

[1] A.Vogel and V. Venugopalan, “Pulsed Laser Ablation of Soft
Biological Tissues,” in Optical-Thermal Response of Laser-
Irradiated Tissue, Dordrecht Heidelberg, London, New York,
Springer, 2011, pp. 551-615.

[2] M. Kaschke, K.-H. Donnerhacke, and M. S. Rill, Optical Devices in
Ophthalmology and Optometry: Technology, Design Principles and
Clinical Applications, Weinheim, WILEY-VCH Verlag GmbH & Co.
KGaA, 2014.

[3] C.Latz, T. Asshauer, C. Rathjen, and A. Mirshahi, “Femtosecond-
laser assisted surgery of the eye: overview and impact of the low-
energy concept,” Micromachines, vol. 12, no. 2, 2021,
https://doi.org/10.3390/mi12020122.

[4] R.Bhargava, P. Kumar, H. Phogat, and K. P. Chaudhary,
“Neodymium-yttrium aluminium garnet laser capsulotomy
energy levels for posterior capsule opacification,” J. Ophthalmic
Vis. Res., vol. 10, no. 1, pp. 37-42, 2015.

[5] A. Vogel, ). Noack, G. Hiittman, and G. Paltauf, “Mechanisms of
femtosecond laser nanosurgery of cells and tissues,” Appl. Phys.
B, vol. 81, no. 8, pp. 1015-1047, 2005.

[6] A. Heisterkamp, T. Ripken, H. Lubatschowski, E. Liitkefels,

W. Drommer, and W. Ertmer, “Intrastromal cutting effects in
rabbit cornea using femtosecond laser pulses,” in Optical Biopsy
and Tissue Optics, vol. 4161, Bellingham, SPIE, 2000, pp. 52-60.

[7]1 A. Vogel, R. Busch, and U. Parlitz, “Shock wave emission and
cavitation bubble generation by picosecond and nanosecond
optical breakdown in water,” J. Acoust. Soc. Am., vol. 100, no. 1,
pp. 148-165, 1996.

[8] A. Vogel and V. Venugopalan, “Mechanisms of pulsed laser
ablation of biological tissues,” Chem. Rev., vol. 103, no. 2,
pp. 577-644, 2003.

[9] N.Tinne, G. Knoop, N. Kallweit, et al., “Effects of cavitation

bubble interaction with temporally separated fs-laser pulses,”

J. Biomed. Opt., vol. 19, no. 4, p. 048001, 2014.

H. Lubatschowski, G. Maatz, A. Heisterkamp, et al., “Application

of ultrashort laser pulses for intrastromal refractive surgery,”

Graefes Arch. Clin. Exp. Ophthalmol., vol. 238, no. 1, pp. 33-39,

2000.

[10]


https://doi.org/10.3390/mi12020122

406 —— T.Asshauer et al.: Femtosecond lasers for eye surgery

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

J. S. Pepose and H. Lubatschowski, “Comparing Femtosecond
Lasers,” Cataract Refract. Surg. Today, pp. 45-51, 2008.

I. Ratkay-Traub, T. Juhasz, C. Horvath et al., “Ultra-short pulse
(femtosecond) laser surgery: initial use in LASIK flap creation,”
Ophthalmol. Clin. North Am., vol. 14, no. 2, pp. 347-355, viii-ix,
Jun 2001 [Online]. Available at: https://www.ncbi.nlm.nih.gov/
pubmed/11406430.

Z.Z. Nagy and C. McAlinden, “Femtosecond laser cataract
surgery,” Eye Vis., vol. 2, p. 11, 2015.

H. Lubatschowski, “Overview of commercially available
femtosecond lasers in refractive surgery,” J. Refract. Surg., vol.
24, no. 1, pp. S102-5107, 2008.

A. K. Riau, Y. C. Liu, N. C. Lwin, et al., “Comparative study of nJ-
and mu)-energy level femtosecond lasers: evaluation of flap
adhesion strength, stromal bed quality, and tissue responses,”
Invest. Ophthalmol. Vis. Sci., vol. 55, no. 5, pp. 3186-3194, 2014.
W. ). Mayer, O. K. Klaproth, M. Ostovic, et al., “Cell death and
ultrastructural morphology of femtosecond laser-assisted
anterior capsulotomy,” Investig. Ophthalmol. Vis. Sci., vol. 55,
no. 2, pp. 893-898, 2014.

T. Schultz, S. C. Joachim, M. Stellbogen, and H. B. Dick,
“Prostaglandin release during femtosecond laser-assisted
cataract surgery: main inducer,” J. Refract. Surg., vol. 31, no. 2,
pp. 78-81, 2015.

A. Vogel, “Energy balance of optical breakdown in water at ns to
fs time scales,” Appl. Phys. B, vol. 68, no. 2, pp. 271-280, 1999.
J. H. Talamo, P. Gooding, D. Angeley, et al., “Optical patient
interface in femtosecond laser-assisted cataract surgery:
contact corneal applanation versus liquid immersion,”

J. Cataract Refract. Surg., vol. 39, no. 4, pp. 501-510, 2013.

A. F. Fercher, W. Drexler, C. K. Hitzenberger, and T. Lasser,
“Optical coherence tomography — principles and applications,”
Rep. Prog. Phys., vol. 66, no. 2, pp. 239-303, 2003.

J. S. Schuman, C. A. Puliafito, J. G. Fujimoto, and J. S. Duker,
Optical Coherence Tomography of Ocular Diseases, New Jersey,
Slack Inc., 2012.

A. F. Fercher, K. Mengedoht, and W. Werner, “Eye-length
measurement by interferometry with partially coherent light,”
Opt Lett., vol. 13, no. 3, pp. 1867-1869, 1988.

M. Wojtkowski, R. Leitgeb, A. Kowalczyk, T. Bajraszewski, and
A. F. Fercher, “In vivo human retinal imaging by Fourier domain
optical coherence tomography,” J. Biomed. Opt., vol. 7, no. 3,
pp. 457-463, 2002.

J. A. 1zatt, M. R. Hee, E. A. Swanson, et al., “Micrometer-scale
resolution imaging of the anterior eye in vivo with optical
coherence tomography,” Arch. Ophthalmol., vol. 112, no. 12, pp.
1584-1589, 1994.

0. Kermani, W. Fabian, and H. Lubatschowski, “Real-time optical
coherence tomography-guided femtosecond laser sub-Bowman
keratomileusis on human donor eyes,” Am. J. Ophthalmol., vol.
146, no. 1, pp. 42-45, 2008.

J. S. Chang, I. N. Chen, W. M. Chan, J. C. Ng, V. K. Chan, and

A. K. Law, “Initial evaluation of a femtosecond laser system in
cataract surgery,” J. Cataract Refract. Surg., vol. 40, no. 1,

pp. 29-36, 2014.

R. Ambrosio, Jr., B. F. Valbon, F. Faria-Correia, I. Ramos, and

A. Luz, “Scheimpflug imaging for laser refractive surgery,” Curr.
Opin. Ophthalmol., vol. 24, no. 4, pp. 310-320, 2013.

M. Shajari, S. Khalil, G. Al-Khateeb, et al., “Comparison of 2 laser
fragmentation patterns used in femtosecond laser-assisted

[29]

[30]

31

[32]

[33]

[34]

[35]

[36]

(37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

DE GRUYTER

cataract surgery,” J. Cataract Refract. Surg., vol. 43, no. 12,

pp. 15711574, 2017.

D. S. Grewal, T. Schultz, S. Basti, and H. B. Dick, “Femtosecond
laser-assisted cataract surgery—current status and future
directions,” Surv. Ophthalmol., vol. 61, no. 2, pp. 103-131, 2016.
D. Aron-Rosa, J. J. Aron, M. Griesemann, and R. Thyzel, “Use of
the neodymium-YAG laser to open the posterior capsule after
lens implant surgery: a preliminary report,” J. Am. Intraocul.
Implant. Soc., vol. 6, no. 4, pp. 352-354, 1980.

D. Stern, R. W. Schoenlein, C. A. Puliafito, E. T. Dobi,

R. Birngruber, and J. G. Fujimoto, “Corneal ablation by
nanosecond, picosecond, and femtosecond lasers at 532 and
625 nm,” Arch. Ophthalmol., vol. 107, no. 4, pp. 587-592, 1989.
D. Huang, E. A. Swanson, C. P. Lin, et al., “Optical coherence
tomography,” Science, vol. 254, no. 5035, pp. 1178-1181, 1991.
Z. Nagy, A. Takacs, T. Filkorn, and M. Sarayba, “Initial clinical
evaluation of an intraocular femtosecond laser in cataract
surgery,” J. Refract. Surg., vol. 25, no. 12, pp. 1053-1060, 2009.
M. Ostovic, O. K. Klaproth, F. H. Hengerer, W. . Mayer, and

T. Kohnen, “Light microscopy and scanning electron microscopy
analysis of rigid curved interface femtosecond laser-assisted
and manual anterior capsulotomy,” J. Cataract Refract. Surg.,
vol. 39, no. 10, pp. 1587-1592, 2013.

G. M. Kezirian and K. G. Stonecipher, “Comparison of the
IntraLase femtosecond laser and mechanical keratomes for laser
in situ keratomileusis,” J. Cataract Refract. Surg., vol. 30, no. 4,
pp. 804-811, 2004.

S. Chen, Y. Feng, A. Stojanovic, M. R. Jankov, 2nd, and Q. Wang,
“IntraLase femtosecond laser vs mechanical microkeratomes in
LASIK for myopia: a systematic review and meta-analysis,”

J. Refract. Surg., vol. 28, no. 1, pp. 15-24, 2012.

C. A. Swinger and T. L. Shui, Method of Performing Ophthalmic
Surgery, Patent W09409849A1, 1994.

T. Juhasz, F. H. Loesel, R. M. Kurtz, C. Horvath, J. F. Bille, and
G. Mourou, “Corneal refractive surgery with femtosecond
lasers,” IEEE J. Sel. Top. Quant. Electron., vol. 5, no. 4,

pp. 902-910, 1999.

H. Lubatschowski, G. Maatz, A. Heisterkamp, H. Welling, and
W. Ertmer, “Intrastromal refractive surgery by fs laser pulses,” in
Biomedical Topical Meeting, Munich, Germany, Optical Society
of America, in OSA Technical Digest, 1999, p. CMA2.

|. Ratkay-Traub, I. E. Ferincz, T. Juhasz, R. M. Kurtz, and

R. R. Krueger, “First clinical results with the femtosecond
neodynium-glass laser in refractive surgery,” J. Refract. Surg.,
vol. 19, no. 2, pp. 94-103, 2003 [Online]. Available at:
https://www.ncbi.nlm.nih.gov/pubmed/12701713.

W. Sekundo, K. Kunert, C. Russmann, et al., “First efficacy and
safety study of femtosecond lenticule extraction for the
correction of myopia: six-month results,” J. Cataract Refract.
Surg., vol. 34, no. 9, pp. 1513-1520, 2008.

W. Sekundo, K. S. Kunert, and M. Blum, “Small incision corneal
refractive surgery using the small incision lenticule extraction
(SMILE) procedure for the correction of myopia and myopic
astigmatism: results of a 6 month prospective study,” Br.

J. Ophthalmol., vol. 95, no. 3, pp. 335-339, 2011.

R. Shah, “History and results; indications and contraindications
of SMILE compared with LASIK,” Asia Pac. J. Ophthalmol., vol. 8,
no. 5, pp. 371-376, 2019.

S. Wei and Y. Wang, “Comparison of corneal sensitivity between
FS-LASIK and femtosecond lenticule extraction (ReLEx flex) or


https://www.ncbi.nlm.nih.gov/pubmed/11406430
https://www.ncbi.nlm.nih.gov/pubmed/11406430
https://www.ncbi.nlm.nih.gov/pubmed/12701713

DE GRUYTER

[45]

[46]

[47]

[48]

[49]

[50]

(51]

(52]

(53]

[54]

[55]

[56]

[57]

(58]

small-incision lenticule extraction (ReLEx smile) for myopic
eyes,” Graefes Arch. Clin. Exp. Ophthalmol., vol. 251, no. 6,

pp. 1645-1654, 2013.

P. Kanclerz and A. Grzybowski, “Does corneal refractive surgery
increase the risk of retinal detachment? A literature review and
statistical analysis,” J. Refract. Surg., vol. 35, no. 8, pp. 517-524,
2019.

M. Ang, M. Farook, H. M. Htoon, and J. S. Mehta, “Randomized
clinical trial comparing femtosecond LASIK and small-incision
lenticule extraction,” Ophthalmology, vol. 127, no. 6,

pp. 724-730, 2020.

M. Ang, J. S. Mehta, C. Chan, H. M. Htoon, ). C. Koh, and D. T. Tan,
“Refractive lenticule extraction: transition and comparison of 3
surgical techniques,” J. Cataract Refract. Surg., vol. 40, no. 9,
pp. 1415-1424, 2014,

A. K. Riau, R. I. Angunawela, S. S. Chaurasia, W. S. Lee,

D. T. Tan, and J. S. Mehta, “Early corneal wound healing and
inflammatory responses after refractive lenticule extraction
(ReLEx),” Invest. Ophthalmol. Vis. Sci., vol. 52, no. 9,

pp. 6213-6221, 2011.

A. H. Vestergaard, ). Grauslund, A. R. Ivarsen, and ). O. Hjortdal,
“Efficacy, safety, predictability, contrast sensitivity, and
aberrations after femtosecond laser lenticule extraction,”

J. Cataract Refract. Surg., vol. 40, no. 3, pp. 403-411, 2014.

J. S. Titiyal, M. Kaur, A. Rathi, R. Falera, M. Chaniyara, and

N. Sharma, “Learning curve of smallincision lenticule extraction:
challenges and complications,” Cornea, vol. 36, no. 11,

pp. 1377-1382, 2017.

L. Izquierdo Jr., D. Sossa, 0. Ben-Shaul, and M. A. Henriquez,
“Corneal lenticule extraction assisted by a low-energy
femtosecond laser,” J. Cataract Refract. Surg., vol. 46, pp. 1217-
1221, 2020.

A. K. Riau, Y.-C. Liu, G. H. F. Yam, and J. S. Mehta, “Stromal
keratophakia: corneal inlay implantation,” Prog. Retin. Eye Res.,
p. 100780, 2019. https://doi.org/10.1016/j.preteyeres.2019.
100780.

H. P. Sandoval, E. D. Donnenfeld, T. K. Kohnen, et al., “Modern
laser in situ keratomileusis outcomes,” J. Cataract Refract. Surg.,
vol. 42, no. 8, pp. 1224-1234, 2016.

B. Seitz, A. Langenbucher, T. Hager, E. Janunts, M. El-Husseiny,
and N. Szentmary, “Penetrating keratoplasty for keratoconus —
excimer versus femtosecond laser trephination,” Open
Ophthalmol. J., vol. 11, pp. 225-240, 2017.

B. Seitz, T. Hager, A. Langenbucher, and G. O. H. Naumann,
“Reconsidering sequential double running suture removal after
penetrating keratoplasty: a prospective randomized study
comparing excimer laser and motor trephination,” Cornea, vol.
37, no. 3, pp. 301-306, 2018.

G. Toth, N. Szentmary, A. Langenbucher, E. Akhmedova,

M. El-Husseiny, and B. Seitz, “Comparison of excimer laser
versus femtosecond laser assisted trephination in penetrating
keratoplasty: a retrospective study,” Adv. Ther., vol. 36, no. 12,
pp. 3471-3482, 2019.

K. T. Boden, R. Schlosser, K. Boden, K. Januschowski,

P. Szurman, and A. Rickmann, “Novel liquid interface for
femtosecond laser-assisted penetrating keratoplasty,” Curr. Eye
Res., vol. 45, no. 9, pp. 1051-1057, 2020.

F. Birnbaum, P. Maier, and T. Reinhard,
“Femtosekundenlaserassistierte perforierende Keratoplastik

T. Asshauer et al.: Femtosecond lasers for eye surgery —— 407

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[Femtosecond laser-assisted penetrating keratoplasty],”
Ophthalmologe, vol. 107, no. 2, pp. 186-188, 2010.

B. Seitz, H. Briinner, A. Viestenz, et al., “Inverse mushroom-
shaped nonmechanical penetrating keratoplasty using a
femtosecond laser,” Am. J. Ophthalmol., vol. 139, no. 5,

pp. 941-944, 2005.

P. C. Maier, F. Birnbaum, and T. Reinhard, “Therapeutischer
Einsatz des Femtosekundenlasers in der Hornhautchirurgie
[Therapeutic applications of the femtosecond laser in corneal
surgery],” Klin. Monbl. Augenheilkd., vol. 227, no. 6,

pp. 453-459, 2010.

W. ). Reinhart, D. C. Musch, D. S. Jacobs, W. B. Lee,

S. C. Kaufman, and R. M. Shtein, “Deep anterior lamellar
keratoplasty as an alternative to penetrating keratoplasty a
report by the american academy of ophthalmology,”
Ophthalmology, vol. 118, no. 1, pp. 209-218, 2011.

J. Wang, F. Su, Y. Wang, Y. Chen, Q. Chen, and F. Li, “Intra and
post-operative complications observed with femtosecond laser-
assisted cataract surgery versus conventional
phacoemulsification surgery: a systematic review and meta-
analysis,” BMC Ophthalmol., vol. 19, no. 1, p. 177, 2019.

A. C. Day, D. M. Gore, C. Bunce, and J. R. Evans, “Laser-assisted
cataract surgery versus standard ultrasound
phacoemulsification cataract surgery,” Cochrane Database Syst.
Rev., vol. 7, p. Cd010735, 2016.

P. Kanclerz and ). L. Alio, “The benefits and drawbacks of
femtosecond laser-assisted cataract surgery,” Eur.

J. Ophthalmol., p. 1120672120922448, 2020, https://doi.org/
10.1177/1120672120922448.

J. Hooshmand and B. ). Vote, “Femtosecond laser-assisted
cataract surgery, technology, outcome, future directions and
modern applications,” Asia Pac. J. Ophthalmol., vol. 6, no. 4,
pp. 393-400, 2017.

A. Mirshahi, A. Schneider, C. Latz, and K. A. Ponto,
“Perioperative pupil size in low-energy femtosecond laser-
assisted cataract surgery,” PLoS One, vol. 16, no. 5, p. 0251549,
2021.

D. R. Sanders, R. W. Higginbotham, I. E. Opatowsky, and

J. Confino, “Hyperopic shift in refraction associated

with implantation of the single-piece Collamer intraocular
lens,” J. Cataract Refract. Surg.,vol. 32, no.12, pp. 2110-2112,
2006.

M. Baumeister, ). Buhren, and T. Kohnen, “Tilt and decentration
of spherical and aspheric intraocular lenses: effect on higher-
order aberrations,” J. Cataract Refract. Surg., vol. 35, no. 6,

pp. 1006-1012, 2009.

N. J. Friedman, D. V. Palanker, G. Schuele, et al., “Femtosecond
laser capsulotomy,” J. Cataract Refract. Surg., vol. 37, no. 7,
pp. 1189-1198, 2011.

K. Kranitz, K. Mihaltz, G. L. Sandor, A. Takacs, M. C. Knorz, and
Z. Z. Nagy, “Intraocular lens tilt and decentration measured by
Scheimpflug camera following manual or femtosecond laser-
created continuous circular capsulotomy,” J. Refract. Surg., vol.
28, no. 4, pp. 259-263, 2012.

K. Kranitz, A. Takacs, K. Mihaltz, I. Kovacs, M. C. Knorz, and

Z. Z. Nagy, “Femtosecond laser capsulotomy and manual
continuous curvilinear capsulorrhexis parameters and their
effects on intraocular lens centration,” J. Refract. Surg., vol. 27,
no. 8, pp. 558-563, 2011.


https://doi.org/10.1016/j.preteyeres.2019.100780
https://doi.org/10.1016/j.preteyeres.2019.100780
https://doi.org/10.1177/1120672120922448
https://doi.org/10.1177/1120672120922448

408 —— T. Asshauer et al.: Femtosecond lasers for eye surgery

[72]

[73]

[74]

[75]

[76]

H. Abouzeid and W. Ferrini, “Femtosecond-laser assisted
cataract surgery: a review,” Acta Ophthalmol., vol. 92, no. 7,
pp. 597-603, 2014.

D. Holland and F. Rufer, “Neue Intraokularlinsendesigns fur die
Femtosekundenlaser-assistierte Kataraktoperation: Chancen
und Nutzen [New intraocular lens designs for femtosecond laser-
assisted cataract operations: chances and benefits],”
Ophthalmologe, vol. 117, no. 5, pp. 424-430, 2020.

N. Murano, M. Ishizaki, S. Sato, Y. Fukuda, and H. Takahashi,
“Corneal endothelial cell damage by free radicals associated
with ultrasound oscillation,” Arch. Ophthalmol., vol. 126, no. 6,
pp. 816-821, 2008.

S. Masket, M. Sarayba, T. Ignacio, and N. Fram, “Femtosecond
laser-assisted cataract incisions: architectural stability and
reproducibility,” J. Cataract Refract. Surg., vol. 36, no. 6,

pp. 1048-1049, 2010.

D. V. Palanker, M. S. Blumenkranz, D. Andersen, et al.,
“Femtosecond laser-assisted cataract surgery with integrated

[77]

[78]

[79]

(80]

DE GRUYTER

optical coherence tomography,” Sci. Transl. Med., vol. 2, no. 58,
p. 58ra85, 2010.

H. S. Uy, S. Shah, and M. Packer, “Comparison of wound
sealability between femtosecond laser-constructed and manual
clear cornealincisions in patients undergoing cataract surgery: a
Pilot study,” J. Refract. Surg., vol. 33, no. 11, pp. 744-748, 2017.
A. Mirshahi and C. Latz, “Astigmatische Keratotomien mit dem
Femtosekundenlaser [Femtosecond laser-assisted astigmatic
keratotomyl,” Ophthalmologe, vol. 117, no. 5, pp. 415-423,
2020.

A. Yoo, S. Yun, J. Y. Kim, M. ). Kim, and H. Tchah, “Femtosecond
laser-assisted arcuate keratotomy versus toric 0L implantation
for correcting astigmatism,” J. Refract. Surg., vol. 31, no. 9,

pp. 574-578, 2015.

H. B. Dick, “Zukunftsperspektiven des Femtosekundenlasers in
der Vorderabschnittschirurgie [Future perspectives of the
femtosecond laser in anterior segment surgery],”
Ophthalmologe, vol. 117, no. 5, pp. 431-436, 2020.



	Femtosecond lasers for eye surgery applications: historical overview and modern low pulse energy concepts
	1 Introduction
	2 Solid-state laser technology in ophthalmology
	2.1 Nd:YAG laser with ns pulse durations
	2.2 Femtosecond lasers
	2.3 Modern low pulse energy high pulse frequency fs lasers

	3 Femtosecond laser-tissue interaction
	4 Supporting technology needed in ophthalmic fs-laser systems
	4.1 Patient interface systems
	4.2 OCT and alternative imaging technology
	4.3 Scanning technology

	5 Clinical applications history
	6 Refractive surgery
	6.1 fs Flap creation for refractive surgery
	6.2 Corneal intrastromal pockets and lenticule extraction

	7 Corneal surgery – keratoplasty
	7.1 Full thickness keratoplasty
	7.1.1 Trephination
	7.1.2 Sidecuts

	7.2 Lamellar keratoplasty

	8 Cataract surgery
	8.1 Capsulotomy
	8.2 Lens nucleus fragmentation
	8.3 Corneal incisions

	9 Future applications
	10 Summary
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


