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Fs-laser technology is unique because it allows cutting tissue at very high precision inside the eye. Fs lasers are
mainly used for surgery of the human cornea and lens. New areas of application in ophthalmology are on the
horizon. The latest improvement is the high pulse frequency, low-energy concept; by enlarging the numerical
aperture of the focusing optics, the pulse energy threshold for optical breakdown decreases, and cutting with

practically no side effects is enabled.

femtosecond laser fs-assisted cataract surgery laser-assisted ophthalmic surgery

high pulse frequency low energy

| 1. Introduction

Laser technology and ophthalmic surgery have shaped each other over the past 40 years. The optically
transparent structures of the eye, namely cornea, lens, and vitreous body, allow for delivery of the laser energy at
different focal depths, thereby giving access to surgical interventions without having to open or mechanically enter
the eye (Figure 1). Other types of lasers, with various wavelengths, pulse durations, and power levels, interact with
eye tissues in a range of different ways. For continuous laser irradiation of low to moderate average power (mwW
range), photochemical and thermal effects induced by the absorbed light are the dominant laser—tissue
interactions. Depending on the wavelengths used, specific types of molecules can be optically excited to trigger
chemical reactions, or local heating of specific tissue can be achieved. If temperatures above 60 °C are reached,
tissue coagulation will occur. When pulsed laser light with intensities between 107 and 10° W/cm? interacts with
strongly absorbing tissue, near-surface material can be removed explosively. This effect is called "photoablation”.
In ophthalmology, it is applied to change the curvature of the cornea with pulsed UV light from excimer lasers. For
shorter pulse durations in the ps to fs range and even higher intensities above 10! W/cm?, more exotic
interactions can be achieved, as will be explained in detail below. A more comprehensive general overview of

laser—tissue interaction mechanisms can be found in excellent quality in several text books (2],

The first reported ophthalmic use of short pulse lasers at near-infrared wavelengths was in 1979 by Aron-Rosa,
who treated posterior capsule opacification (PCO) after cataract surgery Bl In 1989, Stern et al. demonstrated that
by decreasing pulse width of ultrashort-pulsed lasers from nano- to femtoseconds (ns: 1079 s, fs: 1071° s), ablation
profiles showed higher precision and less collateral damage . At the same time, optical coherence tomography
developed and provided noninvasive three-dimensional (3D) in vivo imaging with fine resolution in both lateral and

axial dimensions at a micrometer level . These developments offered ophthalmic surgeons a tool for high
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precision cutting and visual control through imaging, and ultimately allowed a gamut of treatment applications for
these lasers within the field of ophthalmology. Recent changes in the numerical aperture of the laser focusing
optics and the repetition rate of the laser sources have further decreased collateral damage while increasing

precision.
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Figure 1. Cross-section of the eye. Cornea, crystalline lens, and vitreous body are transparent in the healthy eye.

| 2. Laser Technology
2.1. Solid-State Lasers in Ophthalmology

2.1.1. Nd:YAG Laser with Ns Pulse Durations

The first type of short-pulsed laser at near-infrared wavelengths successfully used in ophthalmology was the Q-
switched Nd:YAG solid-state laser. Its wavelength of 1064 nm is transmitted by all the visually transparent
structures in the eye (cornea, lens, and vitreous body). Their pulse durations are a few nanoseconds (ns), and for

ophthalmic applications, pulse energies in the range of 0.3-10 mJ are typically used .

When Nd:YAG laser pulses are strongly focused at a location inside the eye, to spot sizes in the order of a few
microns, the combination of short pulse duration focusing to minimal spot sizes creates very high intensities at the
laser focus, above 1011 W/cm?. Under these conditions, a phenomenon called "optical breakdown” occurs. In the
first step, multiphoton absorption leads to ionization of some tissue molecules, creating free electrons. 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 themselves more molecules by
impact ionization, creating more free electrons. If the laser irradiation is intense enough to overcome electron
losses, an avalanche effect occurs 2,
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When the extremely fast rising electron density exceeds values of approximately 102%cm3, a "plasma state of
matter” (cloud of ions and free electrons) is created at the laser focus [&. This plasma is highly absorbing for
photons of all wavelengths. Therefore, the rest of the laser pulse is directly absorbed by the plasma, increasing its

temperature and energy density (Figure 2).

The hot plasma cloud rapidly recombines to a hot gas, with a thermalization time of the energy initially carried by
free electrons of a few picoseconds to tens of ps . 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 that the stress wave emitted in this
geometrical configuration contains both compressive and tensile components . If sufficient pulse energy density
is applied, the tensile stress wave becomes strong enough to induce fracture of the tissue, causing the formation of
a cavitation bubble . Depending on the pulse energy, the pressure wave can reach supersonic speed a (shock
wave). The high plasma temperature also leads to almost immediate evaporation of the tissue within the focal
volume, generating water vapor and gases such as H,, O, methane, and ethane 8], The resulting gas pressure
pushes the surrounding tissue further away, adding to the expansion of the short-lived bubble inside the tissue
(Figure 2). The maximum volume temporarily achieved by the bubble scales with the pulse energy above the
threshold for optical breakdown. During bubble expansion, the inside pressure ultimately drops 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. This combined process is called "photodisruption” of tissue.
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Figure 2. Short pulse laser effects in tissue: (a) sequence of effects and induced events, (b) plasma size range

and pressure wave pattern, (c) range of possible cavitation bubble dimensions (pulse energy-dependent) &I,

With typical ophthalmic Nd:YAG laser pulse energies, cavitation bubble radii are in the range of 1000-2000 um,
and shock wave amplitudes at 1 mm distance from the focus reach 100-500 bar [19. These rather pronounced
mechanical side effects restrict the use of Nd:YAG lasers. When shorter pulse ps (10712 s) lasers became

available, their mechanical side effects proved to be still too large for delicate tasks as required for ophthalmic
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applications. This limits Nd:Yag laser application in today’s clinical ophthalmological use to cutting isolated tissues,
such as the lens capsule in posterior capsular opacification in pseudophakes or small areas of iris tissue to

improve aqueous dynamics within the eye.

2.1.2. Femtosecond Lasers

Femtosecond 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 picosecond (ps). As the threshold
radiant exposure (J/cm?) for inducing optical breakdown in tissue is about two orders of magnitude lower in the fs
pulse duration regime than at 10 ns 11, much lower pulse energies can be applied to separate tissue. High pulse
repetition rates from 10 s of kHz 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 optical breakdown. For 300 fs
pulses of 0.75 pJ energy, the generated cavitation bubbles have radii of only 45 um, almost two orders of
magnitude smaller than ns pulse with energies in the mJ range 2. In addition, the associated pressure waves are
much weaker, 1-5 bar at 1 mm distance 22, This process is referred to as “plasma-induced ablation”, as the
disruptive mechanical side effects of ns pulses described above are absent. Additionally, the thermal side effects of

fs pulses in tissue are almost negligible [,

The first commercially available, USA Food and Drug Administration (FDA)-approved fs-laser system for
ophthalmology, the IntraLase™ FS, was launched in 2001 24, |t was used for “flap” creation in LASIK refractive
surgery (see Section 3.1.1 below), replacing mechanical cutting devices called microkeratomes. Its first commercial
version operated at a 15 kHz repetition rate and pulse energies of several uJ 3. Further fs-laser systems for “flap”
cutting and other corneal surgery were launched by several manufacturers in the following years, including the
Ziemer FEMTO LDV in 2005, which introduced a new concept of low pulse energies and high repetition rates, and
later the Wavelight FS200 and the Zeiss VisuMax™.

In 2009, the LensX™ system was introduced, the first commercial fs laser designed for cataract surgery, thus
opening a new field of fs-laser application within ophthalmology 18, Its early versions operated at 33 kHz repetition
rate and pulse energies of 6-15 puJ 4. LensX became part of Alcon, and again, in the following years, multiple
other manufacturers launched similar products, including the Johnson & Johnson Optimedica Catalys™, the
LENSAR® and the Bausch and Lomb Victus™.

2.1.3. Modern Low Pulse Energy High Repetition Rate Fs Lasers

The pulse energy required to achieve optical breakdown can be reduced in two ways:

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.
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Second, by reducing the focal spot size—the focal volume of a Gaussian laser beam is dependent on the axial
extension, the so-called Rayleigh range (zg = Twg?/A) and the beam waist wy = fA/tw;, where f is the focal length
of the lens, wg the beam radius at the focus, and w, the beam radius at the focusing lens. In other words, the focal
volume varies inversely with the cube of the numerical aperture NA = wy /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 optical

breakdown (181,

! 1 f

Figure 3. The focal volume of a Gaussian laser beam scales with the numerical aperture NA = w/f of the focusing

lens. The larger the NA, the smaller the focal spot volume.

To practically achieve high NA focusing optics, either the lens diameter can be increased, which quickly becomes
bulky and expensive, or the focusing optics can be positioned closer to the eye. The latter approach was
implemented by Ziemer Ophthalmic Systems, using a microscope lens with a short focal length as focusing optics
and guiding the laser beam via an articulated mirror arm to a handpiece containing the focusing optics, which is

docked to the eye at a short distance.

In 2014, the first low pulse energy fs-laser system for cataract and cornea surgery, the Ziemer FEMTO LDV z8™,
was CE-approved and commercially launched. It was more compact and lightweight than its predecessors,

enabling mobile use.

2.2. Femtosecond Laser-Tissue Interaction

Based on the above laser parameters, the nature of the cutting processes of the two groups 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 separations smaller than the spot sizes are used for overlapping
plasmas, which directly evaporate the tissue inside the plasma volume, effectively separating tissue without a need
for secondary mechanical tearing effects (Figure 4b). Due to the high pulse repetition rates applied (MHz range),

the cutting speeds achieved are similar to the high energy laser group.
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Figure 4. (a) High pulse energy, low repetition rate (large spot separation); (b) low pulse energy, high repetition

rate (small spot separation, overlapping plasma effects of spots).

The cuts achieved by overlapping plasma evaporation of tissue by low energy pulses, however, have a uniquely
smooth surface with virtually no damage to the adjacent tissue 22, This is important for the quality of corneal
“flaps”, lenticules, or also smooth rims of capsulotomy cuts (see Sections 3.1.1, 3.1.2 and 3.3.2 below). High
energy pulses with low repetition rate, on the other hand, rely on the mechanical tearing of tissue in between the
actual laser foci. This tearing is accompanied by more stress or potentially even damage to the adjacent tissue 29,

as shown by the levels of proinflammatory metabolics detected after laser treatments [22122],

Software arranges the laser spots in the tissue into geometrical patterns. The software also uses scanning systems
to position the laser foci in lines, planes, or even 3D geometries. An example of a 3D cut pattern used for cataract

lens fragmentation (see Section 3.3.2 below), which combines multiple planes and cylinders, is shown in Figure 5.
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Figure 5. Three-dimensional laser focus scan pattern used for the fragmentation of cataractous lenses.

The energy of fs lasers with wavelengths in the 1030-1060 nm range is transmitted very well through all
transparent structures of the eye. However, opaque material scatters the laser radiation and thus reduces 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
severe when cutting through a several mm thick nucleus of a cataractous lens than through corneal scars, which

are only fractions of a mm thick.

The initial fs-laser systems designed for cataract surgery overcame this by using much higher pulse energies than
fs lasers for cornea surgery. In the latest generation of versatile multipurpose ophthalmic fs-laser systems, the
pulse energy is adaptable over an extensive range, so that for each situation, the adapted amount of pulse energy

can be used, but not more, to minimize side effects, such as excessive gas production.

2.3. Supporting Technology Needed in Ophthalmic Fs-Laser Systems

To make an fs-laser device practical for clinical use, some critical supporting technologies needed to be developed
as well. Most notable is optical coherence tomography (OCT) imaging of tissue structures, required for the precise
positioning of laser cuts deep inside the eye, and the patient interface system using sterile vacuum docking

methods to reliably connect the eye to the optical laser delivery system during treatment.

2.3.1. OCT Imaging

OCT is an optical technology that allows for scanning structures inside tissues, thus generating images 23241, The

images appear similar to ultrasound images but with higher resolution.

The first application of OCT for biological purposes was described by Adolf Fercher et al. for the in vitro
measurement of the axial eye length in 1988 (FERCHER 1988). The early clinical OCT systems used so-called

time-domain (TD) OCT technology, where the length of the reference arm of an interferometer is mechanically
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changed. Due to speed limits of this process, these early devices were limited to one-dimensional scans (A-scans),
or later small time consuming 2D scans. The so-called frequency-domain OCT (FD-OCT) 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, an entire A-scan can be retrieved from
the measured spectrum [& FD-OCT enabled much higher scan speeds, making 2D-imaging and even 3D-imaging
feasible in clinical ophthalmology. The first ophthalmic application of FD-OCT, also known as “Fourier domain”, was
published in 2002 [22],

Later, a further improved variation of frequency-domain OCT technology was developed, “swept-source” (SS) OCT.
In this case, a tunable light source with a frequency sweep indicated by a “sawtooth” frequency profile over time is
used in combination with a fast single-pixel detector instead of a spectrometer. For further details of OCT
technology, and advantages and limitations of its different versions, Section 7.3 of the textbook by Kaschke et al. [&

provides a comprehensive overview and additional literature references.

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 [28]. 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 femtosecond

laser surgery by H. Lubatschowski et al. [£2.

In most modern cataract fs-laser systems, three-dimensional OCT scans are performed after docking the laser
interface to the eye. The LensAR system uses a different technology, a proprietary 3D confocal structured
illumination combined with Scheimpflug imaging 8. In both cases, 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 (see Figure 6).

This information is used to automatically propose the suitable positions inside the eye for the planned laser cuts,

which are also displayed on screens for checking and confirmation by the eye surgeon (Figure 6).

Figure 6. Example of the optical coherence tomography (OCT)-guided placement of an fs-laser cut pattern (blue:

corneal anterior and posterior surface; pink and purple: lens anterior and posterior surface; green: iris plane).

https://encyclopedia.pub/entry/7348 8/13



Femtosecond-Laser Assisted Surgery of Eye | Encyclopedia.pub

2.3.2. Vacuum Docking Interfaces

For some laser systems, the patient’s head is placed under a gantry containing focusing optics at a sufficiently long
distance to allow the patient’s head to move in and out. In other systems, an articulated 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 7).
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Figure 7. Typical eye docking methods of fs lasers: (a) head under fixed laser housing, (b) articulated arm with

handpiece placed onto the eye; green: distance of eye surface to laser optics.

The eye’s actual contact is established via sterile, single-use parts, so-called "patient interfaces”. Two different
types are in use: (a) applanating interface with a curved or flat interface directly touching the cornea, and (b) liquid-
filled interface, where a vacuum ring creates contact to the sclera or the outer cornea, and the center is filled with
liquid. The liquid-filled interface allows laser energy transmission while leaving the cornea in its natural shape
(Figure 8) 89, Although contact interfaces temporarily change the shape of the cornea 1, the mechanical contact
stabilizes the cornea during surgery to a high degree. This is of particular importance in refractive surgery where
precise cuts are required and tissue displacement on a micrometer level has to be avoided. With the absence of
clear clinical drawbacks in refractive surgery B2IE3I341 contact interfaces will play a dominant role in the future in
corneal surgery. Liquid-filled interfaces with little disturbance of the eye might turn out to be the preferred solution

in cataract surgery.

Applanation - Vacuum - Liguid Vacuum -

(@) (b)

Figure 8. Typical patient interface designs: (a) contact interface in direct touch with the cornea (flat or curved), and

(b) liquid optics interface, no direct touch on the cornea, no deformation.
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The stability of the vacuum docking contact during laser emission is of primordial importance. Loss of contact
harbors the risk of cutting in wrong planes. Therefore, all lasers are designed to automatically monitor vacuum
levels, sometimes complemented with imaging of the eye position (eye tracking), and to immediately stop laser
emission upon loss of contact. Of course, the eye surgeons also monitor their patients during the procedure and
can manually interrupt or temporarily pause the treatment when they anticipate problems. In case of laser systems
with an articulated arm, the surgeons can also use their substantial manual skills to actively stabilize the laser
handpiece while in contact with the eye. In any case, after a vacuum loss, the treatment can usually be resumed
immediately after a new docking.
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