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Abstract. Nonthermal in vitro ablation of bovine neural tis- the tissue [7, 8]. Therefore, owing to heat diffusion, thermal
sue by using laser-induced optical breakdown generated ljamage to adjacent tissue is commonly observed [8—11]. Fur-
ultrashort laser pulses, with durations frdfi0fsto 35ps  thermore, a big part of the irradiated tissue remains inside the
and pulse energies of up 165u.J, has been investigated. The brain and may lead to edema.

experiments were performed at wavelengths ranging from A completely different process of laser—tissue interac-
630 to 1053 nmby using a femtosecond Ti:Sapphire laser.tion is plasma-mediated ablation, demonstrated, e.g., by Pu-
a femtosecond dye laser, and a picosecond Nd:YLF laser sylafito et al. [12] and Stern et al. [13] in ophthalmologic
tem. Tissue ablations have been achieved by focusing thepplications. In this process, the extremely high intensity
laser beam on the surface of the tissue, to a spot diameter of powerful ultrashort pulses first leads to multiphoton ab-
5-20um, resulting in the generation of a microplasma. Laseisorption in the material. This results in the ionization of
pulses from the Ti:Sapphire laser with0 fsduration showed some atoms and molecules, thereby providing initial carriers
a two times higher efficiency of ablation than the long@ps  (“lucky electrons”) for the laser induced optical breakdown
pulses from a Nd:YLF laser with an identical pulse energy(LIOB) [12]. The free electrons and ions absorb energy from
At pulse energies df40.J, single pass excisions deeper thanthe electromagnetic field of the laser radiation by inverse
200pum were generated by tHe40 fspulses. In addition, the bremsstrahlung, resulting in their acceleration [14]. The sub-
fluence at threshold of the ablation was found to be reduceskquent avalanche-like multiplication of free carriers finally
for shorter pulse durations. F@rpslaser pulses a30nm  leads to LIOB and the generation of a microplasma [15]. In
we measured the fluence at threshold to be ab@d/cn?;  addition, owing to the expansion of the heated plasma, a high-
for 100 fspulses from the same laser the experimental threstpressure transient propagates radially from the LIOB center
old was at1.5J/cn?. Histopathological examinations and into the surrounding environment [12, 16]. This shockwave
scanning electron micrographs confirm the high quality oflso contributes to the ablation by disruption. Finally, abla-
the excisions. No sign of significant thermal damage was oltion fragments are ejected out of the interaction zone [17].

served. Advantages of plasma-mediated ablation are the very precise
cutting of tissues and the absence of undesired thermal side
PACS: 42.62.Be; 52.50.Jm; 87.50.Hj effects. The latter phenomenon is a result of the ultrashort in-

teraction time: according to the works of Docchio [18] and
Zysset et al. [19], a laser pulse with a duratio36+40 ps(or
The application of lasers in neurosurgery has received inshorter) generates a microplasma with a luminescence life-
creasing attention in recent years, although results of earime shorter thar ns Since thermal diffusion is too slow to
studies were not very promising [1-3]. Investigations primardissipate the laser energy during this plasma lifetime [20],
ily by Ascher, Beck, and Heppner discussed the advantag@se thermal energy is confined to the zone of the plasma and
of using lasers in this field of medical therapy, that is, theno thermal interaction occurs in the adjacent tissue regions.
possibility to perform slightly invasive, noncontact surgery ofplasma-mediated ablation of brain tissue using picosecond
sensitive neural tissue (e.g., [4, 5]). Recently, Krishnamurthyulses from a Nd:YLF laser system was first reported by Fis-
and Powers provided an extensive review on the applicatiopher et al. [21].
of lasers in neurosurgery [6]. In this article, we report the experimental results on the
Mainly CO, andNd:YAG lasers are used for vaporizing efficiency of plasma-mediated ablation of bovine brain tis-
or coagulating the biological material. These free running ogue using sul200 fslaser pulses compared to ablation with
Q-switched lasers exhibit primarily a thermal interaction withpulses from 80 psNd:YLF laser system. We have also inves-
S tigated the dependence of the threshold of plasma-mediated
* To whom correspondence should be addressed ablation on the duration of the laser pulses betw&@d fs
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and30 psas measured on the surface of the brain tissue. In  For comparison30-35 pspulses generated byNd:YLF

addition, scanning electron microscopy and histopathologicdhser system were also used to ablate neural tissue. The

examinations have been performed to analyze the quality did:YLF laser was designed as a two-stage oscilja&yen-

the incisions. Our results yield information for future applica-erative amplifier combination to provide picosecond laser

tions of femtosecond pulsed lasers in neurosurgery. pulses at a wavelength df053 nm The system layout is
shown in Fig. 3. Pulse energies of uptanJcould be ob-

tained at a repetition rate afkHz
1 Materials and methods

Several laser systems, located in different laboratories, were2 Pulse application and tissue preparation
used in this study. However, all experiments were performed

by the same experimenters, to keep possible deviations in thgesh bovine brain tissue (white matter) was used in all our

individual experiments at a minimum. experiments. The tissue was irradiated within a few hours
after extraction and was cooled until the beginning of the
1.1 Laser systems experiments. Saline solution was sprayed regularly on the

samples to prevent the tissue surface from drying.

Most of the experiments presented were performed using an To determine the efficiency of plasma-mediated ablation
ultrashort pulsedi:Sapphire laser systemt the Max-Born-  with femtosecond laser pulses, the regeneratively amplified
Institute of Nonlinear Optics and Spectroscopy in Berlin.Ti:Sapphire laser was used in comparison to the amplified
The system layout is shown in Fig. 1. A Ti:Sapphire oscilla-Nd:YLF laser system. The diameters of both laser beams
tor (Spectra-Physics Tsunami) is pumped with an argon-iowere increased by the means of Galilean telescopes. A lens
laser (Spectra-Physics 2080 A-12 Beamlok). Chirped pulseith a50 mmfocal length was used to focus the radiation on-
amplification is performed by using a stretcfmympressor to the surface of the tissue samples at normal incidence. Using
unit (Quantronix Model 4820) and a Ti:Sapphire regenerathe knife edge method, the size of the focal spot diameter was
tive amplifier (Quantronix 4800), pumped by the frequencymeasured to be aboR0m for both laser systems (& de-
doubled output of a Q-switched Nd:YLF laser (Quantronixcay). The samples were mounted onto a motor drixey-z
527). Pulses with durations down180 fsand energies of up translation stage. The movement of this unit was controlled
to 300 were routinely obtained at repetition rates of up toby a computer system. The tissue was moved atbBgnm
1 kHz The wavelength of the pulsed light was tunable in thdong lines parallel with thex axis at a velocity 00.5 mnys.
vicinity of 800 nm The distance between two lines waSpum. The repetition

Owing to the tunability of the laser pulse duration, thresh+ate of the pulses was set 1®0 Hz or 50 Hz in both laser
old experiments were performed usinmalti-stage dye laser systems, resulting iB um or 10 um spot separations, respec-
system,at the University of California at Irvine. Figure 2 tively. To obtain deeper excisions, the pattern ablation was
gives a schematic of the dye laser system (this laser systemrspeated four or five times. When performing these multiple
described in detail in [22]). Ultrashort pulses were generategatterns, an adjustment of tagposition of the tissue sample
in a synchronously pumped dye laser oscillator. The output cdlong the optical axis was necessary after each scan to re-
the oscillator was synchronously amplified using a two-stagalign the tissue surface with the focal plane of the cutting lens.
dye amplifier chain pumped by the frequency doubled outpudptimum plasma spark generation was used as alignment cri-
of a picosecondNd:YAG regenerative amplifier. The wave- teria. By means of neutral density optical filters, the energy of
length of the dye laser emission was set6®0 nmand the the laser pulses was changed prior to irradiation of the tissue
duration of the laser pulses was varied betwg@fsand3 ps  samples.
After amplification, the pulse energy was approximagayd After irradiation the specimens were preserved in a 10%
at a repetition rate of kHz formalin solution, dehydrated in a series of graded ethanol,
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and finally prepared for light microscopy (LM), scanning ablated tissue occurred at fluences above the threshold. We

electron microscopy (SEM), or histopathological examin-defined the damage threshold as the point where the intensity

ation using LM. of scattered light drastically decreases owing to the absence
To determine the damage threshold of bovine brain tissuaf ejected material fragments. Using the optical microscope,

the beam of the dye laser system was focused onto the tissug observed that this event coincided with the disappearance

surface at normal incidence by means of a microscope objeof optical damage on the tissue surface. Starting from flu-

tive. Knife edge measurements yielded a spot size diametences below the threshold, we observed a drastic increase in

of approximately5 um. The biological tissue was mount- scattered light and appearance of tissue damage at the thresh-

ed on a translation stage. To ensure that the tissue surfackl level.

coincided with the focal plane of the cutting lens, the sam-

ple was translated along the optical axis of the laser beam

during the irradiation. In the experiment, the energy of the2 Results and discussion

laser pulses was continuously decreased using a variable fil-

ter wheel. We started with above threshold pulse energiea1l Morphology of the excisions

and monitored the scattered light from the unamplified out-

put of the dye oscillator, as well as from the tissue surface b¥igure 4 shows a typical SEM overview of a bovine brain

an optical microscope. Scattering of the probe beam by théssue sample irradiated with laser pulsesldd fsin dura-



Fig. 4. SEM overview of an excision in bovine brain tissue performed by F9- 5. SEM of a section of a bovine brain sample cut perpendicular to the
repeating al.5 mmx 0.45 mmrectangular pattern 4 times. The tissue was fiSSue surface. The sample was irradiated with pulsek66{iJ energy and
moved at a velocity 00.5 mmys. The pulse energy wastJ and the pulse 180 fsduration in a rectangu!ay pattern repeated 4 timies 800 nm spot
duration was140fs (» = 800 nm spot size:20um). Volume of excision: ~ SiZ€: 20um). Volume of excision shown0.55 mnv. Number of applied

0.25 mi®. Number of applied laser pulse36000 Ablated volumgpulse:  |aser pulses36000 Ablated volumgpulse: 15.3 x 103 um3. The presence
7% 103 um3 of a large piece of debris is due to the lack of tissue rinsing after irradiation

Fig.6. SEM of a bovine brain sample
section irradiated with pulses df65.J
energy and30 psduration in a rectangu-
lar pattern repeated 4 times £ 1053 nm
spot size: 20pum). Sample is cut per-
pendicular to the tissue surface. Volume
188, m of excision shown:0.27 mm?. Number
BBB4g #1046 of applied laser pulses3600Q Ablated
- volume/pulse: 7.6 x 103 um

ejected out of the damage zone [21]. Therefore, debris of ab-
tion (FWHM) and with an energy of4uJ. The rectangular lated material can be often found covering the edges and the
pattern had the dimensions obIx 0.45 mmand was repeat- bottom of the excisions, as seen in Figs. 5 and 6. Figure 4
ed 4 times. The ablating laser beam generated a very welproves that most of the debris can be removed by rinsing the
defined deep excision in the biological material. Cutting theséissue withNaClsolution right after irradiation. The geometry
samples into sections parallel to the shorter side of the patf the excisions often appears to be slightly distorted from its
tern allows further examination of the ablation edges and theriginal rectangular shape, as in Fig. 5. Here, the top edges
depth of the excision. Figures 5 and 6 show the correspona@ypparently moved inwards, and in Fig. 6, the lower corners of
ing SEM sections of brain tissue exposed&® fspulses with  the cavity appear to be smoothed. These effects are probably
165pJfrom the Ti:Sapphire laser and 30 pspulses fromthe due to the dehydration process of the tissue prior to the SEM.
Nd:YLF laser system. respectively. The shorter pulses gen- The captions of Figs. 4-6 give the total number of pulses
erated an excision of abo800um in depth, twice as deep used to generate the excisions, as well as the ablation volume
as with the picosecond laser pulses (approximaté@um).  per pulse. The latter was calculated by simply dividing the
Deeper excisions can be achieved by repeating the pattemslume of the excision by the number of applied laser pulses.
scans more often. When ablation occurs, tissue fragments aret, one has to consider, that owing to the spatial overlap of
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Apart from the single excision data, we studied the depeng
dence of the ablation rate on various parameters. Figure ¥
gives quantitative results of depth measurements using sing2 100
pass ablations performed at various pulse energies and reg-
etition rates. The filled circles represent data obtained with?
the Ti:Sapphire laser system using pulses with durations of
140 fsat 100 Hzrepetition rate, and open circles indicate da-
ta from the140 fspulses but at a reduced repetition rate of 0 . .
50 Hz resulting in a smaller spatial overlap of pulses. For 0 50 100 150 200
the sake of comparison, the filled diamonds represent data Pulse energy [uJ]
Obta”.‘ed with the Nd'YITI.: laser operating at38 pspulse . Fig. 7. The efficiency of the ablation of bovine brain tissue as measured
duration andLO0 Hzrepetition rate. To evaluate these experi-fom single pass patterns. The depth of ablation as a function of pulse en-
ments, the irradiated samples were cut into thin slices anelgy and pulse repetition rate is displayed for two different laser systems.
the depth of the excisions was measured under a light mkFilled circles: 140 fs pulses atl00 Hzfrom the Ti:Sapphire laser emitting
croscope by using an ocuar wih & mierometer scale. T e rcrs pen i G i e
measurements were averaged over at_ l_eaSt Six tissue saf ,'slc?gje =0.7). Filled diamondgo pspulses atl00 Hzfrom the Nd:YLF
ples for each pulse energy and then divided by the numbe4ser emitting a.053 nm(solid line is linear fit; slope = 0.6)
of passes. Shown in Fig. 7 is the averaged depth of ablation
for one single pass pattern as a function of pulse energy. This
value is characterizing the efficiency of the ablation and idinear absorption of calf brain tissue is nearly twice as high
most closely related to practical applications. There is a scafer 1064 nmthan, for example, for th€33 nmlight [23],
ter to the measured data because of the inhomogeneous natutteereas, thelasma-mediated ablatioexhibits a more com-
of the samples, sample-to-sample variations, and as well gdicated dependence on the wavelength. Trigal process
the difficult task of realigning the tissue surface after eactior LIOB with ultrashort laser pulses is the generation of
single-pass. Therefore, error bars are included in Fig. 7. Theyucky electrons” by multiphoton ionization. Here, more free
represent the standard deviation of the mean, as calculatedrriers will be generated at shorter wavelengths, because
from the sample data. We attribute the larger errors occurring smaller number of photons is necessary for ionization. How-
for 140 f5100 Hzpulses at the two highest pulse energies teever, for achievingnacroscopiacamage, the critical electron
mainly two sources: first, at these two pulse energies only sidensity for LIOB has to be generated by a second process,
samples were available for evaluation, whereas the numbéhne avalanche ionization mechanism [24]. Only for extreme-
of samples at all other pulse energies was about 10. Secorlgl,short pulses{ < 30 fg), can multiphoton ionization alone
at these high ablation depths, the geometrical distortions gfrovide the critical density of electrons [24]. The avalanche
the excisions appeared to be stronger after the sample prepanization is governed by inverse bremsstrahlung, which has
ration. That is why these depth measurements had a higharcross-section proportional #& [14], wherei denotes the
uncertainty. To some extent, beginning of autolysis may alsavavelength of the incident radiation. Consequently, in this
have contributed to the errors. According to Fig. 7, the shortesecond stage of LIOB, more free carriers are generated at
femtosecond pulses exhibit a significantly higher efficiency olongerwavelengths, in contrast to the initial multiphoton ion-
ablation than the picosecond pulses. The slope of the dashegation. The impact of these mechanisms on the ablation rate
line for the femtosecond pulses, in Fig. 7, is about 1.5, ands not yet fully understood, and we regard this study as a com-
for the solid line, representing the results from the picosecongarison between the efficiency of a typical picosecond and
pulses, is about 0.6. Even with the repetition rate reduced by typical femtosecond laser system.
a factor of 2, thus with half of the spatial overlap, the short-  Using the efficiency measurements, we can estimate the
er femtosecond pulses still ablate a higher amount of neuréime needed for the ablation of a given amount of tissue with
tissue than the picosecond Nd:YLF laser pulses which are atarious laser parameters. Our Ti:Sapphire laser system is ca-
a higher repetition rate. The slope of the dotted line in Fig. pable of generatind40 fspulses with an energy df50.J
is about 0.7, thereby yielding a similar slope efficiency for theand a repetition rate of kHz. Assuming a ten times faster
50 Hzfemtosecond Ti:Sapphire laser pulses as for the longescanning movement than in our experiments (which could not
picosecond pulses a00 Hz be realized with our slow scanning system), we calculated
One has to be aware of the fact that the wavelengths dhe time needed for the ablation dfmn? to be abou67 s
the femtosecond Ti:Sapphire las&00 nn) and of the pi- The increase of the repetition rate frdfi0 Hzto 1 kHz cor-
cosecond laserl(053 nn) differ by a factor of approximately responds to an increase in the total energy delivered to the
1.3. However, we believe that these slightly differing wave-tissue in a defined time interval by one order of magnitude.
lengths do not contribute strongly to the phenomena of inBased on a ten times faster scanning speedk&iz, we do
creased femtosecond ablation efficiency, since the interactiorot expect any changes in the quality of the ablation. The
is based on a plasma effect, not on linear absorption. Theate at which the energy is deposited is of secondary impor-
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tance [19], since the plasma luminescence governs the the
mal confinement. Because of the faster scanning, the spati
separation of the single microplasmas remains unchanged.
the pulse energy also remains unchanged, we do not antid
pate further mechanical damage due to shockwaves.
Today, Ti:Sapphire amplifiers with pulse energies of up td
1 mJat repetition rates of kHz are available [25]. Extrap-
olating our measurements in Fig. 7 to this pulse energy a
assuming faster scanning, we calculated an ablation time
9 s/mm? for these laser parameters. Here, we would expect t
observe stronger disruptive effects during ablation [26], sinc
the pulse energy is increased by nearly a factor of 7. This hig
energy is coupled into the acoustic transient, propagating in
the surrounding tissue. Before recommending such a hig
energy laser system for tissue ablation, detailed investigatio :
should be carried out, concerning, e.g., the topic of increases™ 42
plasma transmission and associated collateral damage.

2.3 Histopathological appearance

In order to judge the histopathological appearance of the ey
cisions, samples were cut infdd um thin slices parallel to
the shorter side of the pattern and perpendicular to the tisst
surface. Then, the slices were stained with various dyes, sut
as haematoxylineosin (HE), Cluever-Barrera, Kresyl violet
and Luxol fast blue. Figure 8a,b shows typical optical pho-
tomicrographs of a HE-stained brain tissue sample expose
to 115uJ, 140 fslaser pulses from the Ti:Sapphire laser. In
this example, the pattern was repeated 4 times and the ex
sion is aboub50um deep. The upper horizontal edges are the R
result of mechanical cutting with a scalpel, whereas the verti St <
cal edges and the lower horizontal edge mark the boundary 6fg. 8a,b. Optical photomicrographs showing %50um deep excision in
the laser excision. The sample was rinsed with saline solutioi’f""ne brain tissue generated by usibifip.) Ti:Sapphire laser pulses of
. o L . . 40 fs duration with a rectangular pattern repeated 4 tintes- 800 nm

after 'rrad_la:tlon a”q eXthItS a very clean EXC|S'_0n WlthOUtspot size:20pm). The sample was stained with HE. Volume of excision:
any remaining debris. Figure 8a shows an overview over thg37 mns. Number of applied laser pulse3600Q Ablated volumgpulse:
excision at a lower magnification (bar200um), demon-  103x 10° um®. a Excision at lower magnification (Bar 200pm).
strating the absence of long range structural changes caugedpper right edge of excision in more detail (Ba58um)
by the irradiation. In Fig. 8b the upper right corner of the ex-
cision of Fig. 8a is magnified. The bar in Fig. 8b represents
a distance 060um. The quality of the laser-cut vertical edge the observed collateral damage is about two orders of magni-
is exceptionally high and comparable to the mechanical cuude larger than with the femtosecond laser system, where the
with a scalpel (horizontal edge). Thermal damaging (coaguheat is confined to the zone of the microplasma.
lation or carbonization) and structural changes in the adjacent
tissue seem to be limited to a zone smaller tBamm. Over-
all, during our experiments no structural or thermal changeg.4 Threshold measurements
exceeding thé um limit were observed in the tissue adja-
cent to the excisions on the histopathological level, neitheResults of threshold measurements for the plasma-mediated
when using the femtosecond Ti:Sapphire laser, nor with thablation of bovine brain tissue are given in Fig. 9. The di-
picosecond Nd:YLF system. agram shows the laser fluence at the threshold of ablation

We outlined in the introduction, that in neurosurgery pri-as a function of pulse duration. Both axes have a logarith-
marily Nd:YAG or CO; lasers are used for tissue ablation [6]. mic scaling. The fluence at the threshold is calculated using
Owing to the thermal interaction mechanism of these cw othe measured values for the pulse energy and the focal spot
Q-switched lasers, collateral damage induced by heat dikize. In addition to the data obtained with the dye laser sys-
fusion into the surrounding tissue is commonly observediem, which are marked by filled squares, the threshold fluence
A chronic damage zone of at leak25um is produced by measured witl85 psNd:YLF laser pulses [21] is shown as an
these lasers [11]. Here, the collateral damage is separated iripen diamond. The plotted data points are mean values of the
a smaller zone of carbonizatio2d-30uwm) and a broader threshold levels, averaged over 3-5 tissue samples. The error
area of coagulation (abo®0um) of the tissue. For typical bars are calculated from the uncertainty in the measurement
power levels used in neurosurgical applications, chronic theief the focal spot sizes. Compared to these errors, the statisti-
mal damage with depths ranging fr&B0pum up to1-2 mm  cal uncertainty of the threshold measurements can be neglect-
is reported [9, 10]. In general, with tidd: YAG or CO, laser,  ed. It is observed that the fluence threshold is decreasing with

e




127

100 T T Ty multiphoton ionization, according to Stuart et al. [24]. Also,
E Fluence at threshold of ablation for bovine brain tissue 1 recent experimental findings suggest the increasing S|gn|f|-
L | = This work: Dye-Laser (1 = 630 nm) . cance of multiphoton ionization for optical damage in the
[ o _Datafrom Ref. [21]: Nd-YLF laser (. = 1053 nm) I time domain belowl00 fs[28]. As our experimental thresh-

old data are in good agreement with our theoretical model
down to pulse durations of approximatelp0fs we con-
clude that the multiphoton phenomena do not have a major
impact on macroscopic tissue damage in the time domain
> 150fs
It is important to point out that th85 psdata point rep-

resents results obtainable from a typical picosecond laser
system, as compared to results obtainable from a typical fem-
tosecond laser system. In case of the threshold studies, the
wavelengths of the Nd:YLF laset 053 nn) and the dye laser
T T (630 nn) differed by a factor of nearly 1.7. Considering the

10-13 10-12 10-11 10-10 single mechanisms during LIOB, we expect some influence
of this substantial difference in wavelength on the threshold
of LIOB. According to Stuart et al. [24], the threshold fluence
et ot e iyt A serac st st poc21 35 pspulses at @ wavelength 650 nmshouid be slightly
20:':1 the dye Iasel? system &80 nm Operf1 diamond: data from [21], gb- fower than atL053 nm in correspondence with the prediction
tained with pulses from the Nd:YLF laser system. The solid line represent®f our model. Nevertheless, the data frd@0 fsto 3 psare
the fit from a model describing the dependence of the LIOB thresholdobtained with a single laser system and clearly demonstrate
fluence on the pulse duration (see text) the decrease of LIOB threshold fluence for neural tissue at

shorter pulse durations.

The higher efficiency of the femtosecond Ti:Sapphire
shorter pulse durations. With the Nd:YLF laser at pulse dulaser pulses compared to the picosecond Nd:YLF laser pulses
rations of35 ps a fluence of abou20 Jcn¥ is needed for may be partly explained by the lower threshold for the short-
ablation [21], whereas with the dye laser operating at pulser pulses. With shorter pulses laser induced breakdown occurs
widths of 100fs a fluence of about.5 J/cn? is sufficient  already at larger laser beam diameters before the focal spot is
for ablating the bovine neural tissue. Shown as a solid line ineached. Therefore, the volume of the plasma is expected to
Fig. 9 is a fit from a theoretical model for the dependence obe larger. This may result in larger volumes of material be-
the LIOB threshold fluence on the pulse duration [27]. Thising ablated by a single pulse, thus leading to the high ablation
model describes the temporal behavior of the free electroefficiency.
density by analyzing the corresponding generation and loss
mechanisms. According to the model, summarized in [27],
the threshold fluencEi, of LIOB is related to the duration of 2.5 Applications
the laser pulse as

10

Fluence [J/cm?)

Pulse duration [s]

There are several applications for precise small volume
~ T T ablations inside the human brain. These include, for ex-

"Eth=9+\/4o'5+2_k+f_d’ @ ample, functional neurosurgery such as thalamotomy and

the treatment of hydrocephalus. In these neurosurgical ap-
wherer; and g are the time constants for inelastic collision plications, tissue with volumes of up ®mn?, typically,
and for diffusion of the free electrons, respectively, gnd  has to be removed. According to the calculations present-
the ionization probability of the material. Assuming=1fs ed in the previous sections, this amount of tissue could
andtg = 500 ps[27] and using our measured values &,  be ablated in undeb min by using our Ti:Sapphire laser
we calculated the ionization probability for bovine brain tis- system atl kHz repetition rate andl50.J pulse energy.
sue and foung = 9.8 cn?/Jas the mean value. The solid line This time is short enough for being of clinical relevance.
in Fig. 9 represents the prediction of the dependence of LIOBor these laser parameters, the ablating beam should be
threshold fluence on the pulse duration for bovine brain tisscanned ten times faster over the tissue surface than in this
sue by using our measured mea®ur experimental data are experiment. This would avoid a higher spatial overlap of
in good agreement with the theoretical model. At pulse durasubsequent pulses and therefore would avoid a significant
tions of the order of several picoseconds, we found a squahange of the efficiency. From a technical point of view,
root dependence of the threshold fluence on the pulse dsuch scanning speeds can be easily realized. The resec-
ration. At shorter pulse durations a weaker dependence wéisn of larger tissue volumes, e.g., small tumors, could be
observed. Deviations from the model at pulse durations operformed at higher pulse energies still within reasonable
100fsand shorter might have their origin in the fact thattimes.
we do not account for multiphoton phenomena. We outlined Owing to the problems of significant pulse stretching and
in the previous sections that the avalanche ionization is thBber damage, delivery of the femtosecond laser pulses by
main mechanism fomacroscopidissue damage. Neverthe- fiber systems is not practicable. Therefore, a novel laser probe
less, for pulse durations belal®0 fs multiphoton ionization was developed for minimal invasive laser neurosurgery [29].
might be the dominating mechanism. Ultimately, for laserThe prototype probe has a diameter of 0Bl mmand may
pulses shorter thad0 fs, LIOB should be purely governed by be inserted into the skull to a depth B2 cm Beam steering
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and delivery of the probe is performed by mirrors and micrdaser system. F.H. Loesel is especially grateful to the DFG (LQ'529 for
optics. No fibers are needed in the setup. By using this laséfeir support.

probe, we should be able to reach even deep-seated regions
and tumors for treatment.

References

3 Conclusion %
3
Our in vitro experiments indicate that femtosecond pulsed
lasers are suitable for applications in neurosurgery and have®:
several advantages compared to the classical neurosurgiceﬁ'
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