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ABSTRACT In order to evaluate the potential for refractive
surgery, fs laser pulses of 150-fs pulse duration were used to
process corneal tissue of dead and living animal eyes. By fo-
cusing the laser radiation down to spot sizes of several microns,
very precise cuts could be achieved inside the treated cornea,
accompanied with minimum collateral damage to the tissue by
thermal or mechanical effects. During histo-pathological analy-
sis by light and transmission electron microscopy considerable
side effects of fs photodisruption were found. Due to the high
intensities at the focal region several nonlinear effects occurred.
Self-focusing, photodissociation, UV-light production were ob-
served, leading to streak formation inside the cornea.

PACS 42.62.Be; 42.65Re; 87.80.Rb

1 Introduction

The application of fs laser pulses in medicine is
a growing field of interest, for example, in refractive surgery
for vision correction [1–3], neurosurgery [4] or nanosurgery in
single cells [5]. The main advantage of the use of fs pulses is the
high cutting precision in the µm range accompanied by mini-
mal collateral damage. Focusing of the ultrashort laser pulses
leads to very high field intensities in the focal region. Due to
these high intensities, free electrons are generated and accel-
erated by nonlinear absorption processes [6], resulting in an
optical breakdown inside the medium. In medical applications
this breakdown is used to achieve a cutting effect inside biolog-
ical tissue, this process is known as photodisruption. Thus, it is
possible to manipulate tissue, even inside the bulk of the ma-
terial, by focusing the radiation below the surface. In contrast
to what is known from application of ns pulses in ophthalmol-
ogy during the treatment of secondary cataract by Nd : YAG
laser capsulotomy, the mechanical and thermal damage in the
surrounding tissue is reduced dramatically [4, 7].

Because of the short pulse duration of some hun-
dred fs, the threshold of approximately 1011 W cm−2 for cre-
ating a plasma can be reached at energies in the range of 1 µJ
or even below, when focusing the laser radiation to spot sizes
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of several microns. In the case of aqueous media a cavita-
tion bubble accompanied by a shock wave develops at the
breakdown region, due to the explosive heating of the fluid. In
biological tissue possible acoustical damage due to these phe-
nomena might occur. Typically, these effects scale with the
energy of the laser pulse and are, therefore, reduced during
application of fs laser pulses.

In the field of refractive surgery, ultrashort laser pulses can
be used for vision correction. To produce a refractive effect,
a so-called lenticule has to be prepared within the cornea of the
treated eye. Thereafter, a cut fromthe lenticule towards the sur-
face of the cornea is created, allowing the eye to be opened and
the lenticule to be extracted. The process is shown in Fig. 1.

The lack of the extracted tissue leads to an altered surface
curvature of the eye and, thus, to a change in its refractive
power. The shape of the lenticule corresponds to the desired
change in refractive power. Although the mechanical and ther-
mal side effects have already been shown to be small, several
other side effects may occur, due to the nonlinear character of
photodisruption.

In this paper, these additional effects, such as self-
focusing [8], photodissociation by multiphoton absorption
and generation of higher harmonics, are further investigated.
Therefore, several samples of enucleated pig eyes were sub-
jected to the surgery procedure, followed by histopatho-
logical analysis, using light and electron microscopy. To
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FIGURE 1 Principle of the fs-LASIK procedure. A flap and a lenticule is
created inside the cornea by focusing of the laser radiation and scanning of
the laser focus in a spiral pattern (I–II). Afterwards, the flap is opened and
the lenticule is extracted by the surgeon (III–IV)
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study long-term effects, in vivo studies with 2 living rabbits
were performed. Additionally, generation of higher harmon-
ics in ex vivo eyes was studied by an optical multichan-
nel analyser. The gaseous compounds produced inside the
cornea during the cutting were analysed in a combined gas-
chromatograph/mass-spectrometer setup.

2 Experimental methods

2.1 Laser system

The laser system used in this study consisted of
a titanium : sapphire amplifier, seeded by a mode-locked
erbium fiber laser oscillator. The pulses from the Er3+ os-
cillator, at a repetition rate of 66 MHz, were frequency-
doubled in a chirped, periodically poled, lithium-niobate
crystal, resulting in 2-mW output power at a central wave-
length of 780 nm. Subsequently, these pulses were ampli-
fied by means of chirped pulse amplification (CPA) [9]
in a titanium : sapphire regenerative amplifier pumped by
a frequency-doubled Nd : YLF laser. The system allowed
variable repetition rates of up to 3 kHz at output powers of
300 mW. The minimum achievable pulse duration of the sys-
tem was approximately 150 fs. Longer pulse durations were
achieved by detuning the compressor system and not fully re-
compressing the output pulse, leading to a defined chirp and,
thus, a longer pulse duration.

During all experiments the pulse duration was controlled
by a single-shot autocorrelator. The energy was adjusted by
a variable attenuator or with the help of a half-wave plate
in front of the compressor system, leading to the attenuation
of the uncompressed pulses at the grating of the compressor
setup.

2.2 Intrastromal cuts

In order to perform intrastromal cuts and incisions,
a computer-controlled, two-axis scanner system guided the
amplified pulses via an f-Theta optic towards the treated eyes
(see Fig. 2).

The focusing optic had a focal length of 75 mm, leading
to a spot size of approximately 5 µm. To keep the treated

FIGURE 2 fs-LASIK setup. The laser radiation is delivered over a scanning
and focusing unit. The eye is held fixed by a suction unit

eyes in a fixed position, a suction unit was integrated into the
focusing system. This suction unit contained a glass plate,
which flattened the cornea over a working field of 10-mm
diameter. At the edges of the glass plate, gentle suction was
applied to keep the eye in position. The whole suction ring
was mounted on a microtranslation stage, which allowed vari-
ation of the z-position of the unit to the f-Theta optic with
sub-micron resolution. Combined with the two scanning mir-
rors, 3D translation of the laser focus within 9 mm depth and
over a working field of 10-mm diameter was possible.

Ex vivo experiments were performed on freshly enucle-
ated pig eyes within several hours after enucleation. Fol-
lowing the laser treatment, the eyes were fixed in glutarate
dealdehyde (3.5%) and afterwards prepared for histologi-
cal sections (1.4-µm thickness) in glycidyl methacrylate–
methylmethacrylate (GMA/MMA) or critical-point dried and
analysed by scanning electron microscopy (SEM) or trans-
mission electron microscopy (TEM), respectively.

The in vivo experiments were conducted with 2 liv-
ing, female New Zealand white rabbits at an age of 24 and
30 months. From each animal, one eye was subjected to
surgery and one was kept untreated. To study wound healing
and long-term effects, the post-op follow-up was chosen to be
7 and 14 days. During the surgery the animals were kept under
general anaesthesia. After the follow-up, the animals were
sacrificed and the eyes were prepared for histopathological
analysis.

The animals used in this study were treated under German
animal welfare regulations.

2.3 Higher harmonic generation

To determine possible wavelength conversions in
the focal region during the surgery procedure, experiments
using an optical multichannel analyser were performed, the
setup is shown in Fig. 3.

Laser

SampleLens Filter
Fiber

Spektro-
graph

Optical
Multichannel

Analyser

FIGURE 3 Setup of the higher harmonic generation

During measurement, a sample of freshly enucleated pig
cornea was placed in the focal region; it was mounted between
two thin glass plates made out of fused silica. The residual
laser radiation was blocked behind the sample by a dichroitic
filter, ranging from 700 nm down to 200 nm. The residual light
behind the filter was coupled into a fiber, which delivered the
light to the optical multichannel analyser. The signals were
corrected for the absorption of the glass plates, fiber transmit-
tance and detector sensitivity.

2.4 Chemical analysis

To observe possible chemical processes taking
place during photodisruption, the gaseous constituents pro-
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duced in the focus region were collected and subjected to
gas chromatography. Therefore, a sample of pig cornea was
sealed in an airtight vessel with a volume of 1.5 ml. To reduce
disturbance from the background air, the vessels were filled
with argon. The gas chromatograph consisted of a 0.53-mm-
diameter capillary column and an integrated molecular sieve
with 5-Å-diameter pores. The gaseous constituents were de-
tected after they had diffused through the column using a ther-
mal conductivity detector. Since larger fragments diffuse at
a slower rate, each constituent causes a distinct signal in time.
By measuring this specific time, the simple gaseous con-
stituents of a gas sample, such as hydrogen or nitrogen, can
be identified, by comparison with the signals measured from
pure samples injected into the apparatus. To be able to deter-
mine even larger and complex molecules, a mass spectrometer
was coupled to the columns of the gas chromatograph.

The laser radiation was focused through the wall of the
glass vessel onto the cornea sample to generate gases by pho-
todisruption. In order to achieve accelerated gas production,
the highest possible energy, approximately 300 µJ, was ap-
plied. Nevertheless, the results obtained at such high energies
are still comparable to low-energy regimes, because the en-
ergy density at the focal region remains nearly constant for
different pulse energies when fs pulses are applied. This is
mainly because no heating of the created plasma occurs, due
to the very short pulse duration [6].

Directly after application of several laser pulses, a part
of the gas in the vessels was extracted and injected into the
gas chromatograph. Additionally, a second sample containing
a cornea was used as a blind sample, to which no laser pulses
were applied.

3 Results

3.1 Intrastromal cuts

Figure 4 shows an SEM graph of a treated porcine
eye in which a lenticule of 80-µm thickness and 3-mm diam-
eter was prepared. The applied laser energy was 1 µJ at a pulse
duration of 160 fs and a spot size of 5 µm. The spot separa-
tion, with which each pulse was placed beneath the previous
pulse, was chosen to be 6 µm. The flap was opened directly
after treatment and the lenticule only partly extracted to be
preserved for histopathological analysis. The thickness of the
corneal flap was 120 µm, with a diameter of 4 mm. The detail
of Fig. 4 shows the corneal bed of the flap in higher magni-

1 mm50 µm

FIGURE 4 SEM graph of a porcine eye globe with a flap and lenticule
prepared by the fs laser

100 µm

FIGURE 5 Histological section of a porcine eye globe showing a subsur-
face cut at 120-µm depth

fication. The interface of the created cut is very smooth and
comparable to results obtained with a mechanical keratom.

The minimum mechanical and thermal side effects are
visualized by histopathological anaylsis. In Fig. 5 the histo-
logical section of a porcine eye globe treated with identical
parameters can be seen. The laser cut is visible about 120 µm
below the surface of the eye. The cut offers a precision in
the µm range, showing no big bubbles or remaining tissue
bridges, as found in earlier experiments [10]. Any thermal
damage would appear in a darker colour due to HE-staining
and was absent in all histological sections. The thermal effects
are therefore determined to be in or even below the µm range,
i.e. the resolution of the light microscope. The layers in front
of and behind the focal region remain unaltered.

Even in living tissue the side effects could be determined
to be very small. In both animals a flap of 3 mm in diameter
was prepared, opened and repositioned. Within several hours
after the treatment, the treated corneae were already clear and
showed only a slight central subepithelial haze, which disap-
peared within 24 h after the surgery, as proven by slit-lamp
observation. The epithelium remained intact 24 h after treat-
ment too. The edges of the cut were still visible even 14 days
after the treatment, but showed no strong wound-healing reac-
tion in terms of fibroblast migration. The surface of the cornea
was quite smooth, and no excessive wound-healing reaction
involving collagen reproduction could be noticed.

3.2 Streak formation

During histological analysis of the treated eyes,
additional side effects were observed. Very small streaks orig-
inating in the focal plane and reaching up to 100 µm towards
the endothelium and epithelium in both directions. These
streaks are near the resolution limit of the light microscope,
having diameters of less than a micron.

Moreover, the in vivo studies showed that even several
days after the treatment the streaks were still noticeable (see
Fig. 6). In front of and behind the cut, these streaks run verti-
cal to the cut, at a distance of 6 µm, corresponding to the spot
seperation of the applied laser pulses. Obviously, a wound-
healing reaction due to these streaks was not noticeable, al-
though the tissue alteration in the streaks seems to be perma-
nent, as the streaks were found up to 14 days after treatment.
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50 µm

FIGURE 6 Histological cut of a streak formation in a rabbit eye 7 days
after treatment. The cut can be seen by proliferated keratocytes 150 µm be-
low the surface; perpendicular to the cut, streaks at a distance of 6 µm are
observable

3 µm 1 µm

a b
FIGURE 7 TEM graph of intrastromal streaks in a porcine eye globe.
a 3150× magnification, b 20 000× magnification. The streaks are running
vertical through the picture, appearing as a darker staining of the fibrils

TEM graphs of the histologies of the ex vivo eyes were made
in order to determine the nature of these streaks.

Figure 7a shows three streaks inside the cornea of a porcine
eye globe. The extent of a single streak can be determined to
be 300–500 nm, which is below the diffraction limit of the
focused laser beam.

InFig. 7banother streakatahighermagnification is shown.
In the center of the streak, a breakdown can be seen, showing
disrupted collagen fibrils in a zone of 350-nmdiameter. In front
of and behind this micro-cavity, the structures of the single fib-
rils are left intact, but appear with a darker staining. Nearly no
melting in fibrils due to heating effects was observed. Only at
the rim of the disrupted fibrils was a small heat-affected zone
visible, with a diameter of less than 150 nm.

3.3 Third harmonic generation

By focusing the ultrashort laser pulses into a corneal
sample, UV-light production at a wavelength of 260 nm was
found. The spectra received by the optical multichannel
analyser is shown in Fig. 8. At 780 nm the strong peak of
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FIGURE 8 Spectra measured by the optical multichannel analyser behind
the corneal sample

the residual laser radiation can be seen, which still passes
through the filter. A second peak at 260 nm is visible. The
small peaks at 500–600 nm are due to scattered background
light.

With respect to the losses in the filter and the fiber deliv-
ering the light to the analyser, and the different sensitivity of
the detector at the two wavelengths, the conversion efficiency
was found to be 2.5 ×10−5. During the experiments the peak
at 260 nm was only visible when the laser focus was placed in
the posterior part of the sample, i.e. close to the endothelium
of the cornea, near the silica glass plate. If the laser focus was
moved into the silica plate, the peak vanished instantly. The
same happened when the laser focus was moved deeper into
the corneal sample. In addition, no UV-light was detected at
the boundary of the silica glass and air.

3.4 Chemical analysis

In all treated corneal samples fractions of molecu-
lar hydrogen were found. As already shown by the authors
in previous experiments [11], photodissociation of water
molecules was observed. In contrast to the results found previ-
ously in pure water, additional gas constituents were produced
in the corneal sample due to the bond-breaking of biological
molecules.

Figure 9 shows the results of the gas chromatography.
Due to the very high diffusivity of hydrogen, the hydrogen
molecules pass the capillary column of the apparatus very
quickly and appear at the thermal conductivity detector ap-
proximately 2.5 min after injection of the sample. The second
peak at t = 4.5 min is due to oxygen. The third peak was
found to be residual nitrogen, which did not originate from the
laser treatment, as it was found in the blind sample. A certain
amount of oxygen was found in the blind sample too. In con-
trast, two more peaks were found only in the treated samples,
at t = 11 and 35.5 min. With the help of the mass spectrom-
eter, it was possible to detect the mass spectra of the single
peaks. The mass spectra of the peak at a rise time of 35.5 min
is plotted in Fig. 10, showing the mass–charge ratio versus the
relative incidence.

The main constituents of the gas peak have a mass–
charge ratio of 28, followed by some constituents at 12,
16 and 18. According to the NIST Library, carbon monox-
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FIGURE 9 Results of gas chromatography showing peaks at 2.5, 4.5, 9, 11
and 35.5 min rise time
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FIGURE 10 Results obtained with the mass spectrometer, showing mass
spectra of the measured peak at t = 35.5 min
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FIGURE 11 Mass spectra of CO as given by the NIST library

ide has the mass spectra shown in Fig. 11. Therefore, the
gas peak at 35.5 min was determined to be CO. The small
deviations are due to the small amount of CO gas in the
sample. Analogously, the peak at 11 min was determined
to be methane, CH4, together with some fragments of CH3

and CH2.

4 Discussion

The results of the ex vivo experiments show the
potential of fs laser pulses to perform intrastromal cuts and
to create so-called lenticules. The procedure of opening the
flap and extracting the lenticule proved to be extremely
easy, even in living animals. The stromal cuts showed lit-
tle surface roughness, comparable to that of conventional,
mechanical keratom cuts. During the experiments a strong
dependence on the pulse energy and spot size of the laser
used was found. Therefore, the use of a minimum of en-
ergy, on the order of 1 µJ or even below, and small spot
sizes, of 5 µm, is desirable. With a reduction in the spot
size and the use of larger focusing apertures, the required
energy to achieve a breakdown would be reduced. This
reduction results in smaller side effects, such as cavita-
tion and bubble formation, enabling a higher cutting preci-
sion. The width of the intrastromal cut was determined by
histological analysis to be in the range of 2–3 µm. Even
smaller spot sizes would lead to pulse energies in the nJ
regime; however, the surgery time would increase to values
of above 10–20 min, because of the very small width of
the cut.

The fs laser offers another advantage when compared to
the mechanical keratome: the edges of the flap can be made
much steeper, offering better support to the repositioned flap,
thus keeping it in a more defined position. As a further re-
sult of the histologies nearly no visible thermal damage of
the tissue could be detected by light microscopy. With the
help of TEM graphs, this damage was determined to be in
the range of 150 nm. The wound healing after treatment was
found to be nearly identical with what is known from LASIK
surgery [12]. Only mild scarring at the edge of the flap could
be noticed, as there is no entry point of the blade like during
the use of the keratom, which leads to stronger wound-healing
reactions.

As a new side effect of fs photodisruption, the gen-
eration of intrastromal streaks was noticed. These streaks
reached up to 100 µm in length, with diameters in the range
of 300–500 nm. Since the diameter is below the diffrac-
tion limit of the laser beam, these streaks are evidence that
self-focusing occurs. As is given in theoretical works [13],
collapse of the beam occurs in front of the focal plane, lead-
ing to very high field intensities that alter the tissue structure
in these streaks. In the focal plane, the intensity reaches the
breakdown threshold, leading to a well-defined cutting plane.
Behind the focal plane the beam is still under the influence
of self-focusing, again leading to streak formation. As was
proven in the in vivo experiments, this tissue alteration is
still visible 7 and 14 days after treatment and, thus, seems
to be permanent. The TEM graphs of these streaks show
the intact structure of the single collagen fibrils, a change in
vision quality, such as corneal haze, could not be noticed.
However, the vision quality was only determined by slit-
lamp observation of the treated corneae in terms of corneal
clearness. Although the vertical streaks have no visible re-
fractive effect, their origin remains unclear. Unless a full
understanding of the underlying mechanism and tissue alter-
ations is achieved, it will be highly desirable to completely
avoid them.
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Several physical processes may be considered to be the
origin of these streaks: First, the very high free-electron densi-
ties of up to 1018 cm−3 might cause chemical alteration of the
single fibrils. Second, these electrons might lead to a tempera-
ture rise and, thus, to thermal alteration of the tissue, although
such a thermal influence seems unlikely with respect to the
histological findings. Third, the very high field intensities near
the focal region can cause effects like electro-striction, which
leads to mechanical compression of the fibrils and, thus, me-
chanical damage. In any case, the production of the streaks
is based on the occurrence of self-focusing. To suppress self-
focusing, higher apertures should be employed. In initial ex-
periments with a higher aperture (NA > 0.2), streak formation
was significantly reduced.

As shown in this study, third harmonic generation at
the boundary of the corneal tissue is very strong, with ef-
ficiencies of up to 10−5. Due to the symmetry conditions
inside the cornea, the generation of second harmonic ra-
diation is suppressed and only third harmonic is possible
in principle. However, this radiation can only be generated
efficiently if a positive wave-vector mismatch between the
fundamental and the harmonic beam is given [14]. In the
case of an interface, as considered by Tsang [15], phase
matching and efficient third harmonic generation is achieved
by breaking the symmetry conditions in the focal region.
Therefore, the production of 260-nm radiation is most likely
during the last part of the surgery procedure, in which the
laser is focused near the upper surface of the eye. Corres-
ponding damage at the cellular level of the epithelium and
on single fibrils could not be found by histopathological
analysis.

Moreover, photodissociation happens in the focal region,
as gases such as H2, CO and CH4 were found. Therefore, the
high laser intensity not only causes disruption and evapora-
tion of the tissue, but actually breaks the molecular bonds.
Other fragments of biological molecules, such as free radi-
cals, should also be produced, but they were not detectable
with the setup used. These radicals might lead to cell dam-
age or death at the focal point; they can thus induce tissue
alteration effects over a longer time scale after exposure, as
reported by Toth et al. [16], who found visible retinal lesions
24 h after fs laser pulse exposure which were not observable
directly after treatment.

5 Conclusion

Side effects of fs photodisruption are small in
terms of mechanical or thermal damage to the surround-
ing tissue. However, while reducing these side effects with
shorter pulse durations, one has to deal with several nonlin-
ear effects induced by the higher field intensities of the laser
pulses.

As proven by ex vivo and in vivo experiments, re-
fractive surgery using a fs laser is feasible, as shown by
other groups [1, 3]. The surface quality of the cuts pre-
pared inside corneal samples is comparable to or better
than what is known from mechanical knifes or microker-
atomes. However, the cutting quality strongly depends on
the parameters used, such as pulse energy, pulse duration,

spot size and focusing optics, as already shown by the
authors [17].

Additionally, several nonlinear effects can be observed
during application of ultrashort laser pulses. Self-focusing
leads to tissue alteration on a nm scale, which is still visible
2 weeks after treatment. The nature of this alteration is not
quite clear yet, and it should be evaluated in the near future. As
possible reasons for this tissue alteration, high field intensities
or the high free electron densities are thinkable. Further stud-
ies using immunohistology to determine the type of alteration
of the corneal fibrils are underway.

Furthermore, third harmonic generation leads to 260-nm
radiation at the boundaries of the corneal stroma and might
alter the upper tissue layers too. However, no correspond-
ing damage could be found. Nevertheless, the possible in-
fluence of third harmonic generation should be controlled
during long-term studies. Work by Rockwell et al. has al-
ready proposed the possibility of tissue damage induced by
continuum generation [18], although continuum radiation is
only observed at relatively low numerical apertures (NA <

0.2) and can thus be suppressed by using higher numerical
apertures.

As another nonlinear effect, photodissociation was found
to occur, probably induced by multiphoton absorption at the
breakdown region. However, this effect was measured at very
high pulse energies. The amount of gases produced at en-
ergies of some µJ is quite small and should therefore have
no impact on the surgical outcome. In summary, refractive
surgery by ultrashort laser pulses is possible, offering very
high precision and leading to only small mechanical and ther-
mal side effects. However, this cutting process is accompanied
by several new nonlinear effects, which may have low im-
pact on the surgical outcome, but may be helpful in a more
thorough understanding of the mechanisms of fs breakdown
in tissue.
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