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Abstract. A femtosecond laser, normally used for LASIK eye surgery,
is used to perforate cadaveric human stapes. The thermal side effects
of bone ablation are measured with a thermocouple in an inner ear
model and are found to be within acceptable limits for inner ear sur-
gery. Stress and acoustic events, recorded with piezoelectric film and
a microphone, respectively, are found to be negligible. Optical mi-
croscopy, scanning electron microscopy, and optical coherence to-
mography are used to confirm the precision of the ablation craters and
lack of damage to the surrounding tissue. Ablation is compared to that
from an Er:YAG laser, the current laser of choice for stapedotomy, and
is found to be superior. Ultra-short-pulsed lasers offer a precise and
efficient ablation of the stapes, with minimal thermal and negligible
mechanical and acoustic damage. They are, therefore, ideal for stape-
dotomy operations. © 2009 Society of Photo-Optical Instrumentation Engineers.
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Introduction

tosclerosis is the abnormal growth of bone in the otic cap-
ule. It often results in fixation of the stapes footplate to the
val window, resulting in conductive hearing loss.1 Treatment
s usually by a stapedotomy—a perforation is created in the
tapes footplate, into which a piston-like prosthetic device is
nserted and coupled to the incus.2 Surgical procedures of the
tapes and middle ear require precision, while minimizing
amage to sensitive inner ear structures and the facial nerve.

A high-power laser is commonly used to fenestrate the
tapes. Numerous lasers have been used3 for this procedure,
ncluding argon �518 nm�, KTP Nd:YAG �532 nm�, Er:YAG
2940 nm�, and CO2 �10600 nm�. However, none of these
asers are ideal for performing stapedotomy. For example, the
isible light of argon and KTP lasers is weakly absorbed by
he perilymph, and therefore penetrates to the sensitive hear-
ng and balance organs of the inner ear. The IR light of
r:YAG and CO2 is more readily absorbed, but short high-
nergy pulses result in large pressure transients, which could
ause acoustic trauma.

ddress all correspondence to: Ryan G McCaughey, Beckman Laser Institute
nd Medical Clinic, University of Calfornia, Irvine, 1002 Health Sciences Road,
rvine, CA 92612. Tel: 949-824-0534; Fax: 949-824-8413; E-mail:
mccaugh@uci.edu.
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An ideal laser system for middle ear surgery would have
thermal and stress confinement. Femtosecond �fs� laser pulse
ablation occurs with minimal thermal or mechanical injury.
Tightly focused high-intensity ultrashort pulses ionize mate-
rial to produce a mixture of free electrons and ions, termed
plasma, in the focal point of the laser beam. Laser energy is
then absorbed by the plasma, so that the process is only
weakly dependent on the tissue characteristics. Ablation is
very precise because it is confined to the region of ionization.
There is little or no heating outside the targeted area because
ablation occurs more rapidly than thermal diffusion.4 Ul-
trashort laser pulses have been shown to effectively ablate
bone and hard tissue.5–10 This study evaluates the ablation of
ossicular bone with a femtosecond laser, commonly used in
LASIK eye surgery.11

2 Materials and Methods
A Model I Intralase FS laser �AMO Corp, Santa Ana, Califor-
nia�, commonly used for LASIK eye surgery, was used to
irradiate the bone. The laser produces 1053-nm, 700-fs pulses
of up 10 �J with a repetition rate of 10 kHz. The diameter at
the focal point of the laser beam in air is approximately 3 �m
�as quoted by Intralase specifications�. Computer-controlled
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irrors scanned the beam in a spiral pattern of increasing
iameter with an accuracy of 1 �m. The planar glass window
f the delivery system was removed because vaporized bone
ollected on the lens and shielded the sample from the laser.
he focusing optics were not modified, and it is assumed the
ptical properties of the beam were not significantly altered
y removing the glass window. The focus of the laser beam
as aligned with the surface of the sample by adjusting the
eight of the sample relative to the laser output. The focus
as determined to be coincident with the surface at the point

t which bright visible plasma was observed.
Porcine otic capsule bone was ablated to emulate the stape-

otomy operation. The otic capsule surrounds the membra-
ous labyrinth of the inner ear and provides a hard bony cas-
ng to protect the organs of hearing and balance. The stapes
ootplate is derived from the otic capsule, so they are histo-
ogically and embryologically similar.12 The otic capsule was
emoved from the temporal bones of fresh pig skulls, obtained
rom a large regional packing company �Clougherty Packing
LC, Los Angeles, California�. The skulls were divided in a
idsaggital plane. The brain was carefully removed to expose

he otic capsule that lies along the middle section of the pe-
rous ridge. The otic capsule in the domestic pig is separate
rom the rest of the temporal bone and is easily pried loose
ith a narrow osteotome. The entire otic capsule was re-
oved intact and is approximately 2�2�3 cm in size. A

ow-speed microstructural saw with a 0.3-mm diamond wa-
ering blade �Buehler, Lake Bluff, Illinois� was used to ma-
hine the bone into slices approximately 1 mm thick, to rep-
esent the stapes.

Temporal bones were obtained from cadavers through the
illed Body Program at the University of California, Irvine.

ach specimen was examined for otosclerosis, other disease
rocesses and erosion of the stapes. Access to the middle ear
as acquired via a tympanomeatal flap. The incudostapedial

oint was visualized and carefully dislocated. The stapedial
endon was sectioned, and the stapes was removed in its en-
irety, maintaining the integrity of the stapes superstructure
nd footplate.

Figure 1 shows a model vestibule, which grossly conforms
o volumetric measurements from temporal bone atlases. It
as constructed by drilling a 3-mm-diam hole through the

ig. 1 Schematic of model inner ear for measuring temperature during
blation of the stapes.
ournal of Biomedical Optics 024040-
center of an acrylic block. Three small ports �1 mm in diam-
eter� were drilled from the side of the block into the cavity to
enable the insertion of a thermocouple. The ports were posi-
tioned 1.0, 3.0, and 5.0 mm below the upper surface of the
chamber. The chamber was filled with water to mimic peri-
lymph. For further details see Ref. 13. A type E, beaded,
24AWG glass braid insulated wire thermocouple �Omega Co.,
Stamford, Connecticut� connected to an integrated signal con-
ditioning data acquisition module �NI-USB 9211A, National
Instruments, Austin, Texas� was used to measure the tempera-
ture in the model vestibule.

Photomechanical stress was measured with a piezoelectric
fluoropolymer film �PVDF� transducer �SDT series, Measure-
ment Specialties, Inc., Hampton, Virgenia� connected to a data
acquisition module �NI-USB 6211, National Instruments,
Austin, Texas�. The piezo film produces voltage in proportion
to compressive or tensile mechanical stress �piezo stress con-
stant, g33=−330�10−3 V m−1 /N m−2�. Ultrasound gel
�Aquasonic 100, Parker Laboratories, Inc., Fairfield, New Jer-
sey� was placed between the PVDF and the bone specimen to
minimize acoustic reflections. Acoustic events were recorded
with a unidirectional dynamic microphone �frequency re-
sponse: 50 to 15,000 Hz, impedance: 600 �, sensitivity:
−72�3 dB, RadioShack� 2 cm from the bone sample.

Optical coherence tomography �OCT� of the ablation cra-
ters was carried out with a Niris Imaging System �Imalux
Corporation, Cleveland, Ohio�. It has a lateral resolution of
�50 �m and a depth resolution of 10 to 20 �m.

Microscopy was performed with a Philips XL30 Scanning
Electron Microscope �FEI, Hillsboro, Oregon�. Samples were
fixed in osmium tetraoxide, dehydrated, and sputter coated
with gold prior to imaging with the scanning electron micro-
scope �SEM�.

3 Results
3.1 Porcine Otic Capsule
Irradiation of the otic capsule slices resulted in a bright
plasma on the surface of the bone. The threshold for a visible
plasma was 0.6 �J �approximately 8.5 J /cm2�. A scan spiral
of 3 mm diameter took 78 s, while 1 mm took 20 s. The time
to complete the scan increased quadratically with scan diam-
eter.

Figure 2 shows ablation from a femtosecond beam of
10-�J pulse energy with a separation of 3 �m between each
scan position, scanned over an area 3 mm in diameter. It is
compared to ablation by 10 0.15-J pulses from an Ultrafine
Er:YAG laser �Coherent Inc, Santa Clara, California�. Mea-
surement by OCT found the crater from the femtosecond laser
to be 90�10 �m deep. No evidence of thermal damage or
charring was observed when ablating with the femtosecond
laser. The crater base and walls of the femtosecond ablation
are considerably smoother and better defined than those cre-
ated by Er:YAG, as shown in Fig. 2. The OCT images �Figs.
2�b� and 2�f�� show that the femtosecond laser produces per-
pendicular crater walls and a flat base, compared to the
ErYAG crater that has sloping walls and a base that is deeper
at the periphery than in the center.

The SEM images of the femtosecond crater edge �Fig.
2�c�� confirm that the ablated area ends abruptly, with no
damage to the surrounding bone. In comparison, the Er:YAG
March/April 2009 � Vol. 14�2�2
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rater �Fig. 2�g�� has no clear boundary—a region of approxi-
ately 100 �m of damaged tissue encircles the crater. Fig-

res 2�d� and 2�h� show the base of the femtosecond and
r:YAG craters, respectively. The rings of the scanned femto-
econd beam are evident in Fig. 2�d�. The surface is much
moother than the Er:YAG base �Fig. 2�h��.

Figure 3 shows the temperature increase on the back sur-
ace of a 1-mm slice of otic capsule for spiral patterns of
ifferent diameters. Every 10th data point was sampled for
larity. The thermocouple was in direct contact with the bone
n the center of the spiral. The beam diameter was 3 �m with
-�m separation between consecutive delivery positions. The
nergy per pulse was 10 �J. The temperature growth and de-
ay follow the same trend, but the maximum temperature in-
rease is greater for larger spiral diameters.

ig. 2 Otic capsule bone ablated with femtosecond �a� to �d� and Er:Y
g�, SEM�150; and �d� and �h�, SEM�300.
AG �e� to �h� lasers: �a� and �e�, light microscopy; �b� and �f�, OCT; �c� and
ournal of Biomedical Optics 024040-
Fig. 3 Temperature increase on the back surface of a 1-mm slice of
otic capsule for spiral patterns of different diameters.
March/April 2009 � Vol. 14�2�3
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Figure 4 shows the temperature increase on the rear sur-
ace of a 1.35-mm thick otic capsule slice for pulse energies
0, 8, 6, 4, 2, and 1 �J in a 0.5-mm scan diameter. The beam
iameter was 3 �m, with a separation of 1 �m. The maxi-
um temperature increase is linear with respect to pulse en-

rgy, as shown in Fig. 5.
Figure 6 shows how the temperature increase in the model

ar 1 mm below the stapes for a 10-�J pulse scanned over
.5 mm. The temperature increase 3 and 5 mm below the
tapes in the model ear was negligible.

Any photoacoustic stress or sound was too small or out of
he range of the detectors to record. By comparison a 300-�s,
0-J /cm2 pulse �parameters used for efficient ablation� from
n Er:YAG laser generates14 a peak stress of 43 kPa.

.2 Human Stapes
igure 7 shows a human stapes with a 0.5-mm-diam perfora-

ion in the footplate created with the femtosecond laser. A
0-�J beam focused to 3 �m ablated the 70-�m footplate.
he SEM image confirms that the perforation is a smooth cut
ith well-defined edges.

Discussion
he findings of precise ablation of otic capsule bone were
uplicated in the human stapes. The well-defined ablation cra-
er and the lack of damage to surrounding tissue created by
he femtosecond laser will ensure a potentially smoother fit
or prosthetic devices used in stapedotomy. The small beam
ize coupled with computerized scanning of the femtosecond
evice means precise perforations of any shape can be ob-
ained.

ig. 4 Temperature increase on the rear surface of a 1.35-mm otic
apsule slice for different pulse energies.

Fig. 5 Maximum temperature increase as a function of energy.
ournal of Biomedical Optics 024040-
The temperature increases of the order of 1 °C associated
with 10-�J beams are well tolerated in middle ear surgery.
Noyes et al. found that a temperature increase of 3 °C did not
impair hair cell function in the rabbit cochlea.15 Repetition of
the procedure to achieve the desired ablation depth may be
required, but this will result in only a modest accumulation of
heat. The heat generated will not be easily transported to the
sensitive inner ear organs, as evidenced by Fig. 6. One milli-
meter into the “perilymph,” the temperature increase is less
than 0.1°C, and there is no noticeable temperature increase
3 mm beyond the stapes.

During ultra-short-pulse laser ablation, electrons are trans-
ferred to the conduction band of dielectric materials by mul-
tiphoton ionization and other nonlinear effects. Relaxation oc-
curs through electron-phonon coupling �generation of heat� or
by radiative decay �fluorescence�. The absorbed energy is
transferred to breaking of the material bonds, formation of
excited fragments, and expulsion of the resulting vapors. A
small part of the laser energy is transferred to the bulk through
convective heating of the emerging plasma plume, electron-
phonon relaxation without defragmentation and reabsorption
of fluorescent radiation. This remaining energy heats the sur-
rounding tissue. By observing the thermal effects in the irra-
diated tissue it is possible to estimate the proportion of the
laser energy that contributes to heating the material.

The temperature from a time-dependent point source, at
distances much greater than the size of the beam, can be ap-
proximated by

T =�
0

t 2�Q

8����3/2k�	�1/2 exp�−
r2

4	�
�d� , �1�

where � is the fraction of the laser energy that contributes to
heating, Q is the heat source, k is the conductivity, 	 is the
diffusivity, and r is the distance from the source.13 The spiral
scanning pattern has been simplified to a ring of increasing
radius x such that x
�t. Solving Eq. �1� and fitting to the
experimentally measured temperature, � was found to be
0.05. This is in good agreement with Neev et al. who found �
to be 0.07 for dentin irradiated with a femtosecond laser.16

Figure 8 compares the temperature increase measured on the
rear surface of a 1.35-mm-thick bone slice irradiated with
6-�J laser pulses scanned over a 0.5-mm radius, and the
temperature predicted by Eq. �1�.

This model also predicts a linear increase in temperature
with pulse energy, in agreement with the measured trend
shown in Fig. 5.

Fig. 6 Temperature increase in model ear 1 mm below the stapes for
a 10-�J pulse scanned over 0.5 mm.
March/April 2009 � Vol. 14�2�4
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The thermoelastic expansion of the high-energy density
lasma and the recoil stress from the ejection of ablated ma-
erial should generate mechanical stresses. However, no pres-
ure wave or acoustic events were measured during ablation.
his may be because the short time periods involved result in
hock waves of very high frequency ��gigahertz�. Such high
requencies do not propagate well in tissue, and the energy is
eabsorbed within a few micrometers.17 This observation is in
greement with results obtained with optical measurements
ndicating the short �10- to 20-�m� decay of shockwaves gen-
rated with femtosecond photodisruption in water and in cor-
eal tissue.18 Neev et al. also reported negligible acoustic
vents when ablating hard tissue with an ultra-short-pulse
aser.19 This offers femtosecond ablation a significant advan-
age over Er:YAG, which is characterized by a loud popping.
his is especially important for middle ear surgery where
coustic events could cause trauma to sensitive inner ear or-
ans.

Future studies will include in vitro measurements of tem-
erature in human bone and in vivo studies of femtosecond
aser use within the middle ear of animals and humans. A
ystem is currently being developed to deliver this novel use
f the femtosecond laser to the human temporal bone.

Fig. 7 Human stapes footplate ablated by a femtosecond laser: �a� li

ig. 8 Comparison of the temperature increase measured on the rear
urface of a 1.35-mm-thick bone slice irradiated with 6-�J laser pulses
canned over a 0.5-mm radius, and the temperature predicted by Eq.
1�.
ournal of Biomedical Optics 024040-
5 Conclusion
A femtosecond laser, normally used for LASIK eye surgery,
was used to ablate porcine otic capsule bone and human
stapes bones. Optical microscopy, OCT, and scanning electron
microscopy show the ablation craters to be smooth and pre-
cise. Thermal side effects were shown to be minimal, and
acoustic and mechanical events were negligible. These char-
acteristics indicate that the Intralase FS device could have
applications in middle ear surgery, including human stape-
dotomy.
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