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Abstract ● Background: Recently,
laser systems have become available
which generate ultrashort laser puls-
es with a duration of 100–200 femto-
seconds (fs). By generating micro-
plasmas inside the corneal stroma
with fs pulses, it is possible to
achieve a cutting effect inside the tis-
sue while leaving the anterior layers
intact. The energy threshold to gen-
erate a micro-plasma with fs pulses
is some orders of magnitude lower
than it is for picosecond or nanosec-
ond pulses. This results in a strong
reduction of the thermal and me-
chanical damage of the surrounding
tissue. ● Methods: With a titani-
um:sapphire fs laser system, the cut-
ting effect on corneal tissue from
freshly enucleated porcine eye
globes was investigated with differ-
ent pulse energies. The irradiated

samples were examined by light and
electron microscopy. The laser-in-
duced pressure transients and the la-
ser-induced bubble formation were
analysed with a broadband acoustic
transducer and by flash photography.
● Results: With fs laser pulses, the
extent of thermal and mechanical
damage of the adjacent tissue is in
the order of 1 µm or below and
therefore comparable with the tissue
alterations after ArF excimer laser
ablation. Using pulse energies of ap-
proximately 1–2 µJ and a spot diam-
eter of 5–10 µm, intrastromal cuts
can be performed very precisely in
order to prepare corneal flaps and
lenticules. ● Conclusion: Femtosec-
ond photodisruption has the potential
to become an attractive tool for in-
trastromal refractive surgery.
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Application of ultrashort laser pulses 
for intrastromal refractive surgery

Introduction

Photodisruption by means of nanosecond (ns) and pico-
second (ps) laser pulses is a well-known interaction pro-
cess in ophthalmic surgery, introduced by Krasnov in
1974 [6] and investigated in detail by various authors [2,
17, 20, 23, 24]. Nd:YAG laser capsulotomy, for example,
has become established as a standard surgical technique
for treating secondary cataract [1, 3].

Photodisruption takes place when laser light is focused
to power densities in the range of 1011–1012 W/cm2. At
these intensities originally transparent material will be
ionized by multi-photon absorption [20]. This process is
called optical breakdown. Due to the plasma ignition and
its explosive expansion, a shock wave will be generated,

and if the process takes place in a fluid, a cavitation bub-
ble develops. The extent of shock wave formation and
cavitation bubble size depends on the laser pulse energy
applied (Table 1). However, the aim of the surgeon is to
subject the surrounding tissue to minimal mechanical
stress during operation. Initial attempts at refractive cor-
neal surgery using ps laser pulses [13, 14, 18] failed be-
cause of the strong mechanical side effects, especially the
considerable bubble formation inside the corneal stroma.

Because of the threshold intensity that has to be ex-
ceeded for optical breakdown, a decrease in pulse energy
can only be achieved by shortening the laser pulse dura-
tion. Recently, laser systems have become available in a
more or less compact form, emitting laser pulses on the
fs scale with sufficient output power. Focusing the beam
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to a spot size of some micrometres in diameter, the
threshold intensity is reached at pulse energies of only 
1 µJ or below. As a consequence, the secondary mechan-
ical effects should be reduced dramatically with fs-pho-
todisruption.

Materials and methods

The fs laser pulses are generated by a so-called Kerr lens mode-
locked titanium:sapphire laser system with subsequent chirped
pulse amplification [12]. The laser emits pulses at a central wave-
length of 785 nm with a duration of 300 fs, measured by an auto-
correlation technique. The maximum pulse energy is 1 mJ at a rep-
etition rate of up to 1000 Hz.

The laser light was guided to a computer-controlled, two-axis
scanner system and a focusing lens with 30 mm focal length 
(Fig. 1). On the basis of a beam diameter of 4.4 mm in front of the
lens, the diameter of the laser focus (spot size) was calculated as 
7 µm. Experimental confirmation was not possible at that time due
to the lack of appropriate instrumentation. On the other hand, any
measured value of the beam diameter which is performed in air
should be interpreted carefully due to self-focusing effects inside
the corneal stroma.

Freshly enucleated porcine eye globes were fixed below a suc-
tion ring with a contact glass plate on its top. The anterior segment
of the cornea was slightly flattened by the bottom of the glass
plate. Once the focal position inside the corneal stroma had been
verified under a microscope, the glass plate was fixed to guarantee
a defined location of the laser focus inside the corneal stroma for
the treatment of further eyes.

For flash photography and for pressure transient measure-
ments, the contact glass and the eye were replaced by a cuvette
filled with distilled water.

The pressure measurements were performed with a calibrated
PVDF hydrophone with a rise time of 4 ns [16].

For micromorphological examination, the tissue probes were
fixed in glutarate dealdehyde (3.5%) and then prepared in a stan-
dardized manner for paraffin sections. The sections of 4 µm thick-
ness were stained with haematoxylin-eosin (HE) and azan. For
scanning electron microscopy (SEM) the fixed corneas were criti-
cal point dried.

Results

The measured amplitudes of the laser-induced acoustic
transients in water are shown in Fig. 2. The signals were
recorded at a distance of 400–1000 µm from the focus of
the laser pulse, where they have a full width at half max-
imum (FWHM) of 150 ns. The laser pulse energy was 
10 µJ and the spot size was calculated to be 7 µm. Ac-
cording to the spherical expansion of the transients, the

pressure values decrease proportional to 1/r from 14 bar
at 400 µm distance to 5 bar at a distance of 1 mm.

Figure 3 shows the flash photographs of laser-induced
bubbles in water for three different pulse energies. The
laser was scanned from left to right with a spot separa-
tion of 200 µm and a repetition rate of 1 kHz. The expo-
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Table 1 Typical laser parame-
ters and tissue effects for pho-
todisruption in the ns, ps and fs
regimes ([0] own measure-
ments)

Parameter ns ps fs

Intensity (1012 W/cm2) 0.05 [23] 0.5–1 [23] 5–10 [0, 23]
Fluence (J/cm2) 10–100 [9] 2–10 [9, 14] 1–3 [0, 9, 14]
Pulse energy (µJ) 100–10,000 [23] 1–5 [23] 0.5–3 [0, 23]
Amplitude of acoustic transient, 100–500 [21] 10–100 [21] 1–5 [0]
at 1 mm distance (bar)
Diameter of cavitation bubble (µm) 1000–2000 [22] 200–500 [22] (<100) [0]

Fig. 1 Experimental setup for the beam delivery system.The laser
light is guided to a scanner system and a focusing lens with 
30 mm focal length. Porcine eye globes were fixed below a suc-
tion ring with a contact glass plate on its top. The glass plate has a
fixed position relative to the focal plane of the laser beam. With
this setup the focus of the laser beam can be well defined inside
the corneal stroma

Fig. 2 Amplitude of the acoustic transients at different distances
from the laser focus. According to the spherical expansion of the
transients, the pressure values decrease proportional to 1/r



sure time for the camera was 20 ns. In Fig. 3a, with an
incident laser pulse energy of 2 µJ, the shadows of a bub-
ble chain in the focal area of the laser can be seen. The
bubbles have a diameter of approximately 25 µm. The
bright spot in the centre of the picture is caused by laser
light scattered at the gas bubble. It should be noted that
no plasma luminescence can be observed in any of the
photographs. It is also remarkable that almost no bubble
dynamics in terms of expansion and collapsing could be

recognized. All the bubbles in the photograph have al-
most the same size despite being generated one after an-
other at intervals of 1 ms due to the repetition rate of 
1 kHz. At longer exposure times the gas bubbles slowly
rise while maintaining their size.

In Fig. 3b, the laser pulse energy was increased to 
6 µJ. Obviously, the threshold condition for bubble gen-
eration is already fulfilled before the laser intensity has
reached its maximum in the focal plane. However, the la-
ser energy is not fully dissipated after the first bubble
generation, thus leading to a vertical chain of laser-in-
duced gas bubbles.

At 10 µJ pulse energy (Fig. 3c) the secondary effects
caused by optical breakdown are strong enough to pro-
duce larger bubbles with diameters up to 100 µm.

The mechanical and thermal side effects of the laser
energy on the irradiated tissue are illustrated by the his-
tological sections (Figs. 4, 5). Figure 4 shows a section
of a porcine cornea, irradiated with a series of 300-fs
pulses with a pulse energy of 4 µJ. The spot size was ex-
pected to be 7 µm. The spot separation during the scan
was 15 µm. On the right, the laser focus was moved up-
wards into the epithelium. Although optical breakdown
took place inside the epithelium, no denudation or burst-
ing of the epithelial layer could be observed.

Both mechanical and thermal side effects caused by
laser interaction are relatively minor. Both in azan stain-
ing (Fig. 4) and in HE staining (Fig. 5) the zone of visi-
ble thermal alteration of adjacent tissue is of the order of
1 µm. Only inside the bubbles is loose debris of the col-
lagen, being directly in the interaction zone of the laser
pulse, completely coagulated.

Femtosecond photodisruption offers the possibility to
perform a refractive surgical operation by preparing an
intrastromal lenticule, analogous to LASIK, without us-
ing a mechanical microkeratome [4, 7].

The principle of this procedure is shown in Fig. 6. In
a first step, a lamellar intrastromal cut is performed by
scanning the laser in a spiral pattern. This procedure is
analogous to the mechanical cut of a microkeratome in
the conventional LASIK procedure. In a second step, an-
other cut prepares a lenticule with the desired shape, de-
pending on the refractive error of the treated eye. Only in
the third step, the anterior corneal flap is opened, and the
prepared lenticule can be extracted. Finally, the flap will
be repositioned on the cornea. The surface of the cornea
follows the missing volume of the lenticule, thereby
leading to a change in refractive power.

On the scanning electron micrograph in Fig. 7, a
treated cornea with an opened flap is shown. The lentic-
ule was displaced for better demonstration. The laser had
an energy of 1.5 µJ/pulse with a spot size of 7 µm. The
spot separation during the spiral scans was 8 µm.

With the same laser parameters a flap of 300 µm
thickness was created in another cornea to demonstrate
the quality of the cut edge of the remaining corneal tis-
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Fig. 3a–c Shadowgraphs of laser-induced bubbles in water for
three different pulse energies. The 300-fs laser pulses were
scanned from left to right with a spot separation of 200 µm and a
repetition rate of 1 kHz. The exposure time for the camera was 
20 ns. The bright spots in the centre of the pictures are caused by
laser light scattered at the gas bubbles. Plasma luminescence could
not be observed in any of the photographs
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Fig. 4 Histological section
(azan staining) of a porcine
cornea irradiated with a series
of 300-fs pulses with a pulse
energy of 4 µJ. The focal spot
had a diameter of 7 µm. The
spot separation during the scan
was 15 µm. On the right, the la-
ser focus was moved upwards
into the epithelium. Although
optical breakdown takes place
inside the epithelium, no denu-
dation or bursting of the epithe-
lial layer could be observed

Fig. 5a,b Histological section with HE staining. The cornea was
irradiated with the same laser parameters described in Fig. 4. The
zone of visible thermal alteration of the adjacent tissue is of the
order of 1 µm. b Inside the bubbles, loose debris of the collagen in
the interaction zone of the laser pulse can be seen. (In eyes fixated
upside down, the debris sedimented inside the bubble to the anteri-
or side of the cornea)

1

2

3

4
Fig. 6 Principle of fs laser keratomileusis. In a first step, a lamel-
lar intrastromal cut is performed by scanning the laser in a spiral
pattern. In a second step, another cut prepares a lenticule with the
desired shape, depending on the refractive error of the treated eye.
Only at the third step is the anterior corneal flap opened and the
prepared lenticule extracted. Finally, the flap is repositioned on the
cornea. The surface of the cornea follows the missing volume of
the lenticule, leading to a change in refractive power



sue (Fig. 8). The vertical cut of the cylinder was created
by scanning the focus on rings at decreasing depth inside
the cornea.

The surface quality of the treated corneal stroma is
shown in Fig. 9. Again, the same laser parameters were
used. The thickness of the flap is approximately 100 µm.
At high magnification, the stromal fibrils can be identi-
fied. This again is a strong indication for the weak ther-
mal effect of fs photodisruption on corneal tissue.

Discussion

Although non-linear acoustic effects are expected close
to the range of laser-induced optical breakdown [15], the
mechanical damage to the surrounding tissue is rather
slight when ultrashort laser pulses are applied. The am-
plitudes of the acoustic transients generated by fs laser
pulses are more than one order of magnitude lower than
those generated by ps or ns optical breakdown [21] or by
excimer or erbium laser photoablation [5, 11, 19]. More-
over, in this study the pressure measurements were per-
formed at laser pulse energies of 10 µJ, which is proba-
bly 5–10 times higher than clinically relevant pulse ener-
gies. However, detection of smaller amplitudes was be-
yond the capability of the calibrated hydrophone.

The detected acoustic transients have a FWHM of
150 ns, about six orders of magnitude longer than the la-
ser pulse itself and still 40 times longer than the rise time

of the hydrophone. The reason for the broadening is not
yet clear and can be manifold. On one hand it is known
that acoustic transients are broadened by acoustic disper-
sion and diffraction [10]. On the other hand the wave-
front of the transients has a radius of curvature which is
comparable to the diameter of the active area of the hy-
drophone. This leads to signal distortion. Finally, the
acoustic transients are generated over a long distance
due to multiple optical breakdown at higher pulse ener-
gies (see Fig. 3). Thus the superposition of the single
transients could lead to spatial and temporal broadening.
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Fig. 7 Scanning electron micrograph of a prepared intrastromal
lenticule with fs laser pulses.The corneal flap is opened and the
lenticule displaced for better demonstration. The laser had an en-
ergy of 1.5 µJ/pulse with a focal spot diameter of 7 µm. The spot
separation during the spiral scans was 8 µm

Fig. 8 Lamellar keratoplasty performed with the same laser pa-
rameters used in Fig. 7. The wall of the cylinder was created by
scanning the focus on rings at decreasing depth inside the cornea



The laser-induced bubble dynamics at pulse energies
close to threshold apparently differs from the cavitation
process which is known for ns and ps laser pulses. The
maximum diameter of the detected bubbles is of the or-
der of 10 µm. Since they maintain their size, we expect
them to be gas-filled bubbles instead of cavitation bub-
bles. The analysis of the gas is subject of current investi-
gations and will be reported elsewhere. In any case, the
photographs in Fig. 3 show that it is important to operate
close to the threshold of optical breakdown. Otherwise,
multiple optical beakdown will prevent a smooth intra-
stromal cut.

The relatively large bubbles presented in the histolog-
ical sections of the corneal stroma (Figs. 4, 5) are created
by the merging of many single bubbles of different laser
pulses close to another within the same layer of the stro-
mal fibrils. If the eyes are not subjected to fixation

agents after laser processing, the bubbles disappear with-
in 10–15 min.

The dynamics of the bubbles, their interaction with
each other and, especially, their influence on the laser fo-
cus is unclear and has to be analysed in future studies.
Certainly they determine the quality of the laser cut. Due
to the lamellar structure of the corneal stroma, they pre-
fer to expand horizontally. This might be the reason why
the quality of the vertical cut appears smoother than the
surface of the opened corneal stroma.

Obviously, pulse energy of 1.5 µJ, spot size of 7 µm
and spot separation of 8 µm are parameters well suited
for preparing lamellar dissections. To remove the pre-
pared lenticule, gentle traction was needed to break re-
sidual adhesions of the collagen fibrils. Kurtz et al. [8]
found similar parameters for producing a smooth intra-
stromal cut, except that they required a higher pulse en-
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Fig. 9 Scanning electron mi-
crographs of a prepared corneal
flap to demonstrate the surface
quality of the corneal stroma
after fs laser interaction. Same
laser parameters as in Fig. 7. At
high magnification, the stromal
fibrils can be identified



ergy (8 µJ). Despite all efforts, optimal cutting parame-
ters have still to be ascertained by systematic parameter
variation.

For myopic correction, where only little material has
to be removed, the lenticule will inevitably become very
thin at the edge. So, the crucial question is: To what pre-
cision can the intrastromal cut be performed, and what is
the minimal thickness of the lenticule? On this the spec-
trum of clinical applications might ultimately depend.
Furthermore, animal studies and blind eye studies have
to demonstrate that the wound healing of the treated cor-
neal tissue takes a course comparable, in terms of regres-
sion and reproducibility, to that known from ArF exci-
mer laser surgery.

In conclusion, mechanical and thermal side effects
caused by fs photodisruption are comparable to what is
known from excimer laser ablation. Cavitation, which
causes difficulties when using ns and ps laser pulses, is
reduced dramatically. Thus, intrastromal refractive sur-
gery is feasible. However, laser parameters such as pulse
energy, spot size and scanning procedure have to be opti-
mized for clinical applications. In the same way, the ac-
curacy and reproducibility of the refractive outcome on
living eyes have to be investigated, as well as the postop-
erative wound healing process and regression. In the ex-
pectation of small and compact laser sources, fs photo-
disruption has the potential to be an attractive tool for in-
trastromal refractive surgery.
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