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Abstract The use of erbium,chromium:yttrium-scan-
dium-gallium-garnet (Er,Cr:YSGG) laser with a wave-
length of 2.78 um for hard bone tissue ablation was
evaluated. The surface morphology and microstructure
changes of bone tissue treated with Er,Cr:YSGG were
analyzed as compared to those treated with diamond drill.
The influence of fluence on ablation rate and ablation
efficiency as well as microstructure was also examined.
The results show that Er,Cr:YSGG laser can perform bone
perforation that is more fine and presented a lot of unique
advantages compared to traditional methods. An approxi-
mately linear relationship was observed between the
ablation rate/ablation efficiency and radiant exposure.
Increasing the radiant exposure irradiated on bone tissue
will produce stronger thermal injury around the crater and
result in microstructure changing.

Keywords tissue ablation, erbium,chromium:yttrium-
scandium-gallium-gamet (Er,Cr:YSGG) laser, bone, eva-
luation technology

1 Introduction

Hard tissue cutting or drilling with laser systems has
extensive applications in bone surgery and dentistry and
has been paid more and more attention to in recent years
[I-11]. Compared to traditional methods including saw
and drill in today’s medical practice, laser hard tissue
processing in a no-contact operating model can provide a
lot of unique advantages such as no vibration and
mechanical defects, no bone dust, easy control or
operation, more precise and comfortable, and clear visual
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field. Therefore, laser has been considered as one of the
most promising tools in the future to compensate/substitute
the traditional instruments for the cutting or processing of
hard biological tissue. Especially in dentistry, it has been
believed to have the potential to be a major innovation.

The ideal laser for bone cutting would be capable of high
ablation rate with high pulse repetition rate to remove large
tissue volumes in a short time, and at the same time would
be capable of minimizing peripheral thermal injury around
the cuts to prevent delayed wound healing. The main
infrared (IR) energy absorbers for compact bone are
carbonated hydroxyapatite (accounted for 65% by mass),
water (10%) and collagen (25%) [4,12]. Previous studies
have shown that erbium:yttrium-scandium-gallium-garnet
(Er:-YAG) and CO, lasers may be the most suitable
candidates for practical application due to the strong
absorption peaks of water and carbonated hydroxyapatite
overlap with the Er:YAG (2.94 um) and CO, (9.6 and
10.6 um) laser wavelengths, respectively. Although a
wavelength operating at 6.1 um emitted from free-electron
laser may produce the largest crater area with the least
amount of collateral thermal injury compared to 2.9 and
6.45 pm due to highly optical absorption by both protein
(u, = 2700 cm ') and water (1, = 8480 cm™ ') [4], its
clinical utility has been limited because there is no
practicable laser source available at this wavelength.

In recent years, another available laser system suggested
for hard tissue ablation is the erbium,chromium:yttrium-
scandium-gallium-garnet (Er,Cr:YSGQG). This laser is a
kind of erbium laser (2.69-2.94 um) similar to Er:YAG
(2.94 pm), erbium:lithium yttrium fluoride (Er:YLF)
(2.81 um), erbium:yttrium aluminum perovskite (Er:
YAP) (2.73 um), and chromium, thulium, erbium, yttrium,
aluminum garnet (CTE:YAG) (2.69 pm), and emits light in
the mid-infrared region at 2.78 um. Although the room
temperature absorption coefficient at 2.78 um is
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s = 5300 cm !, which is less than half the absorption
coefficient at 2.94 ym (u, = 12500 cm™!), the additional
absorption of Er,Cr:YSGG laser by the OH™ group in the
carbonated hydroxyapatite mineral of the bone make it an
alternative laser system for safe and efficient hard tissue
ablation [13,14]. The mechanism of hard tissue removal by
this laser is called a “thermo-mechanical process” in which
the emission laser light is absorbed by the OH™ groups of
free water and hydroxyapatite of hard tissue. The water is
then heated and evaporated, resulting in a high pressure of
steam that causes a microexplosion of hard tissue below
the melting point of hard tissue (approximately 1200°C).

Up to now, studies or applications of Er,Cr:YSGG laser
were largely focused on dental hard tissue; its ablation
characteristics on bone hard tissue has not yet appeared and
this is the goal in the present work. In order to evaluate the
ability of Er,Cr:YSGG laser to perform bone tissue cutting
or perforating, the surface morphological and microstruc-
tural changes of bone tissue after Er,Cr:YSGG laser
irradiation with various radiant exposure were compared to
those after conventional bur drilling, which has been
performed as an acceptable method for bone surgeries in
today’s medical practice. The influence of radiant exposure
on ablation rate and ablation efficiency, and the correlation
between them were studied. Laser-induced thermal injury
and microstructure on bone tissue with various radiant
exposures were also examined.

2 Materials and methods

Fresh bovine tibia obtained no later than 6 h post-mortem
from a local slaughterhouse was used for in vitro laser-
tissue ablation experiments. The bone specimens were
rinsed in tap water to remove hemocytes after the
connective tissue and periosteum were peeled away with
arazor blade. Then the tibia was cut into rectangular blocks
(~2cmx4 cm with original compact thickness) with a
diamond saw. In order to obtain a flat surface, the sample
surface was polished using sandpaper with a grain size of
30 um followed by ultrasonic cleaning to remove the
smear layer, and then the prepared samples were stored in a
saline solution at 4°C prior to experimentation to prevent
dehydration.

The light source used for hard tissue ablation in the
study is Er,Cr:YSGG laser (Waterlase, Biolase Technology
Inc., San Clemente, CA, USA) operating at a wavelength
of 2.78 um with a pulse duration of 140 ps, a fixed pulse
repetition rate of 20 Hz and a power output range of 0 to
6 W. Laser light was delivered through a fiber optic system
to a sapphire tip terminal with a diameter of 400 um and a
divergence of 8°, and then irradiated perpendicularly on
bone sample. A built-in water spray system was also used
to produce a flow rate of 0.5 mL/s as laser ablating. The
bone sample was placed on a sample holder which was
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controlled by an XYZ-stage permitting to maintain
approximately 1 mm distance between tip and tissue
surface for all the experiments. A schematic illustration
of the experimental setup is shown in Fig. 1. The actual
beam diameter incident on tissue surface was about
540 um. Samples were lased for 10s in non-contact
mode with power setting from 0.5W (pulse energy
22.5m]) to 2.5W (pulse energy 112.5mJ) in a step of
0.5 W, meaning that a total of 200 pulses were impacted on
one crater. A total of 25 specimens were irradiated in the
experiment. The exact fluence was measured by an energy
meter (NOVA I, Orphir, Israel) along with a pyroelectric
joulemeter (PE50-BB-SH-V2, Orphir). The output pulse
energy was measured before and after every bone ablation
test. The fiber tip was replaced if the measured energy was
reduced by more than 15% of the initial output energy to
avoid experimental artifacts due to fiber damage. Further-
more, a bone cutting experiment performed by an
electrically driven diamond drill (MD20, Nouvag, Switzer-
land) with a diameter of 0.5 mm was conducted as control
group. The drill was set with gentle pressure against the
bony wall turning at 1000 revolutions per minute. The
operation time for each crater was set at 10 s.

Er,Cr:YSGG laser optical fiber

(1=2.78 pm)

spray system

tissue sample holder

/LDXYZ stage

Fig. 1 Experimental setup for bone ablation study with Er,Cr:
YSGG laser (note the 1 mm distance between fiber tip and tissue
surface)

After irradiation, surface profile and morphological
changes of ablative bone were examined using a stereo-
microscope (MZ16FA, LEICA, Germany). Cross-section
imaging of the ablated crater was taken by an optical
coherence tomography (OCT) system (Ao=850 nm, AA=
50 nm, and P =7 mW) with lateral and axial resolutions of
~10 pum, and the ablation depth was measured with a self-
compiled program. Then the treated specimens were
further detected with a scanning electron microscope
(XL30 ESEM, FEI, Netherland) operating at 30 kV after
serial processing of dehydration and gold coating. The
scanning electron microscope (SEM) images were taken
from different parts of the incisions under various
magnifications. Morphological alterations and microstruc-
tural changes of treated specimens were valued.
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3 Results and discussion

Stereomicroscope top-view images of crater created on
bone sample by diamond drill (Fig. 2(a)) and Er,Cr:YSGG
laser (Fig. 2(b)) with a radiant exposure of 39.3 J/cm? are
shown in Fig. 2. Diamond drill as a standard tool in today’s
medical practices can perform bone perforating or drilling
efficiency. As shown in Fig. 2(a), the crater made by
diamond drill presents a clear and regular sharpness with
debris distributing randomly around the edge. Bone
perforating was always accompanied with vibration,
mechanical friction and debris ejecting. The quality of
the crater was mainly depending on the skill and
experience of the operator. As for the laser system, the
crater created by Er,Cr:YSGG laser as shown in Fig. 2(b)
presents a profile of sharp edge, regular shape and clear
surface. No obvious debris was found around the crater. No
vibration and mechanical defects occurred during laser-
tissue interaction. Moreover, this kind of no-contact
technique produced a lot of benefits compared to
traditional methods such as no bone dust, easy control or
operation, more precise and comfortable, and clear visual
field.

The depth of laser-induced craters on bone samples as a
function of incident radiant exposure is illustrated in Fig. 3.
The error bars present the standard deviations of the data.
The real line is a linear fitting line. The total pulse number
impacted in one crater was set at 200. It is shown that there
is an approximately linear relationship (R*= 0.96) between
the ablation depth and incident radiant exposures. As
shown in Fig. 3, the crater depth increased from about
42 pum at 9.8 J/em? up to 690 um at 49 J/cm?,

Ablation rate is one of the main quantities to feature
laser-induced tissue ablation. In the study, ablation rate
(ablation depth per pulse) varied with radiant exposure is
produced in Fig. 4(a). It shows that ablation rate increased
monotonously with the incident radiant exposure. Higher
ablation rate means that a larger volume of tissue can be
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ablated at each pulse and less time will be consumed for
hard tissue perforating operation. Although a lower
ablation rate will produce a more precise outcome, the
perforating operation will consume too much time. There-
fore, there is a balance between higher quality outcome and
less operation time. One can improve ablation rate simply
by increasing radiant exposure and/or pulse repetition
number, and vice versa.

Another key quantity to characterize tissue ablation with
laser is ablation efficiency, which can be defined in terms
of the amount of tissue within the given time, the volume
removed per joule of energy incident on the tissue (mm?*/J),
and the volume ablated per second (mm?/s). In the study
reported, the ablation efficiency was defined as crater depth
ablated per unit energy. Figure 4(b) indicates the correla-
tion of laser-induced crater depth per unit energy as a
function of incident radiant exposure. It shows that
ablation depth per unit energy increases monotonously
with the increasing of radiant exposure. This means that
although the same total energy was applied to the target
tissue, higher ablation efficiency can be obtained with
higher radiant exposure.

Surface morphology and microstructure changes of bone
sample after treatment with different methods are eval-
uated with scanning electron micrograph and presented in
Fig. 5. Figures 5(a) and 5(b) indicate the edge and base of
the crater created by a diamond drill, respectively;
Figures 5(c) and 5(d) indicate the edge of the crater
ablated by Er,Cr:YSGG laser at 29.5 and 49.2 J/cm?,
respectively. As shown in Fig. 5(a), the craters perforated
by diamond drill present a helical profile with sharp-cut
edge and rough surface. Circular shape mechanical scratch
can be observed obviously on the crater wall which was
induced by uneven stress during the manipulation of the
diamond drill, and this kind of mechanical defect was
ineluctable in practice. A loose smear layer covered the
entire crater surface with bone debris attached on it. Large
bone fragments were accumulated on the bottom of the

-

(b)

Fig. 2 Stereomicroscope top-view images of crater on bone sample created by different methods. (a) Diamond drill; (b) Er,Cr:YSGG

laser at 39.3 J/cm® (length of bar is 200 pm)
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Fig. 3 Ablation depth of crater created on bovine shank bone by
Er,Cr:YSGQG laser as a function of incident radiant exposure (error
bars are standard deviations of the data)

crater, and crack was found clearly on the base (Fig. 5 (b)).
In contrast, the crater appearance after the laser irradiation
indicated a corrugated or Volcano-like profile (Figs. 5 (c)
and 5(d)) at all energy settings. There was a transition layer
of thermal injury with a thickness of about 10 um between
the irradiated site and untreated tissue. As shown in
Fig. 5(c), white particles with an appearance of condensed
droplets distributed randomly around the crater edge can
be observed clearly. The size of these particles ranged from
about several pym to 10 um which correspond to the
dimensions of apatite crystallites, the main components in
bone tissue [15]. A melting layer looking like volcanic
rock distributed on the inside wall of the laser-induced
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crater which might have been induced by the recrystalliza-
tion of the original apatites after laser irradiation. With the
increasing of applied radiant exposure, the thickness of
thermal injury layer around the crater edge grew up
gradually. As shown in Fig. 5(d), the altered layer grows up
to about 30 um at a radiant exposure of 49.2 J/cm?, three
times of the one at 29.5 J/cm?. White particles disappear
and fusion of the original apatites was observed resulting in
huge amorphous structures with an appearance of
honeycomb which covered the entire crater surface.

4 Conclusion

The ability of Er,Cr:YSGG laser for hard bone tissue
ablation and the surface morphology and microstructure
changes of crater induced by multi-pulses, as well as the
applied radiant exposure effects were evaluated in the
present work. Er,Cr:YSGG laser can produce a finer crater
with an appearance of sharp edge, regular and clear surface
compared to traditional methods. Furthermore, the no-
contact technology can provide a lot of unique advantages
such as no vibration and mechanical defects, no bone dust,
easy control or operation, more precise and comfortable,
and clear visual field. By increasing incident radiant
exposure, higher ablation rate and ablation efficiency will
be obtained with stronger thermal injury. Energy parameter
also has an important influence on the microstructure
changes of laser induced craters. Further work will focus
on the enhancement of ablation rate and ablation
efficiency, minimizing thermal injury and the influence
of the morphology and microstructure changes on bone
healing.
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Fig. 4 Ablation rate and ablation depth per unit energy as a function of incident radiant exposure (error bars are standard deviations of

the data). (a) Ablation rate; (b) depth per unit energy
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Fig. 5 SEM photomicrographs of craters created on bone with different methods. (a) Edge of crater created by diamond drill; (b) base of
crater created by diamond drill; (c) edge of crater ablated by Er,Cr:YSGG laser at 29.5 Jem?; (d) edge of crater ablated by Er,Cr:YSGG

laser at 49.2 J/cm?
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