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Abstract. Scanning electron microscopy (SEM) was performed on holmium-YAG laser ablated
bone in order to study the surface morphology of the ablation crater. An otosurgical bone model
of porcine otic capsule and calvarial cortical bone was used. Otic capsule bone is dense and
homogeneous whereas cortical bone is porous. Both bone tissues were studied under fresh and
dehydrated conditions to investigate the role of water in the ablation process. Laser irradiation
time was varied from 5 to 60s. Laser flux was 85 md pulse™' at 4-Hz pulse repetition rate.
Globular spheroids of melted bone material were noted in both wet and dried specimens for both
tissues. Several of these globules ruptured yielding an SEM image which suggests a violent
ejection process. SEMs of dry cortical bone demonstrated the presence of fibres which reflect the
selective removal of inorganic surface bone constituents with preservation of subsurface
residual collagen fibres. The ablation crater walls in wet tissues appear rougher and possibly
reflect a more violent ablation process due to water vaporization causing expulsion of bone

material. In contrast, the crater walls in dry tissue appear smoother.

INTRODUCTION

Lasers have gained widespread acceptance in
otological surgery, and have become the stan-
dard of practice in the treatment of ossicular
chain disorders such as otosclerosis, a disease
of bone resorption and remodelling affecting
the otic capsule in the temporal bone. Follow-
ing the successful introduction of the laser in
stapedotomy surgery in 1980 (1), three lasers
have gained wide acceptance in ear surgery.
Commercially available CO,, argon, and KTP
(Nd-YAG) laser systems dominate clinical
practice (2-7). Each of these wavelengths has
its own advantages and drawbacks. However,
clinical practice has not kept pace with the
development of new laser systems. This is par-
ticularly true with respect to other infra-red
wavelengths.

The holmium-YAG laser has been advocated
for use in otosclerosis and other chronic ear
disease operations (8-10). The main advantage
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of this wavelength (2.12 um) 1s that it has a
high peak of absorption in water as well as
in bone relative to visible wavelength lasers.
Furthermore. it is easily transmitted with
readily available flexible quartz fibres. While
the ablative properties of Ho-YAG lasers are
well known (11), there are no studies which
specifically address the laser-tissue inter-
actions of this wavelength in a bone model
that reflects conditions encountered during
middle-ear surgery.

The bone surrounding the structures of the
inner ear is unique and embryologically dis-
tinct (12). This bone is called endochondral
bone and forms the otic capsule. It is essen-
tially mature at 9-12 weeks gestation. It is a
primitive form of bone with dense extracellu-
lar matrix components. It is also the hardest
and densest bone in the human body and
microsurgery in this region requires small dia-
mond drill bits. The footplate of the stapes
bone is derived from otic capsule material and
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in pathological states such as otosclerosis the
footplate may be exceptionally dense, thick-
ened, and fixed to the surrounding oval win-
dow. In non-pathological conditions, the
stapes bone moves up and down within the
oval window like a piston and is part of
the ossicular mechanisms transmitting sound
to the inner ear. The remaining bone tissues in
the middle ear (ossicles) and temporal bone
(mastoid cavity) are more similar to cortical
and lamellar bone both embryologically and
histologically. The stapedotomy operation is a
procedure where a hole approximately 500 um
in diameter is drilled through the entire foot-
plate of the stapes. Then a prosthetic piston is
inserted to reconstruct a functional ossicular
chain and replace a non-functional and fused
stapes bone. In this situation, the underlying
histopathology is characterized by extremely
dense and acellular bone (sclerotic phase) or
relatively cellular and vascular tissue (spongi-
otic phase) (13). There is no animal model
which reflects this process.

Otic capsule is extremely dense and with
little porosity in terms of its micro-
architecture. The surface of this bone is smooth
and marble-like. In contrast, cortical bone (sub-
stantia compacta) is punctuated by pockets of
fluid and cellular material. The honeycombed
structure of cortical bone provides excellent
mechanical strength with a substantial reduc-
tion in bone weight per unit volume. Cortical
bone and lamellar bone (substantia spongiosa)
are the two bone types forming the calvarial
vault (14). Preliminary investigations on the
ablation process 1n porcine otic capsule and
cortical bone have revealed some startling find-
ings. Otic capsular tissue under physiological
conditions (wet) ablates with relatively consis-
tent ablation pattern (15) with limited episodes
of ‘stalled out” ablation. The "stalling out’ phe-
nomena is where ablation begins but ceases
despite continued irradiation (16); the mecha-
nism of action is thought to be a combination of
total tissue desiccation (17) and possibly sur-
face modification of the tissue. In wet tissue,
while the ablation rate is lower than in dry
tissue, ablation through a section of the homo-
geneous, non-porous otic capsule bone proceeds
in a very regular fashion. The ablation rate
assumes a linear dependence as a function of
fluence, albeit with poor correlation. In con-
trast, with dehydrated otic capsule, this regu-
larity in the ablation process is not observed.
Some dehydrated specimens ablate readily and
then ablation ceases despite continued laser
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irradiation. Some specimens do not show any
evidence of an ablation crater and the only
surface feature 1s a small patch of carbonized
bone material despite several minutes of con-
tinuous pulsed laser irradiation. The fluence at
which consistent ablation occurs 1s higher in
the dry otic tissue than the wet.

Water appears to influence the ablation pro-
cess in both otic capsule and cortical bone and
may play a key role in the initiation and
continuation of regular ablation (17). Dentin
shares many of the same ablation characteris-
tics as otic capsule bone under both wet and
dehydrated conditions (18). Dentin is the main
component forming the central substance of a
tooth. It is extremely hard with little macro-
scopically visible porosity and appears similar
to otic tissue under low-power light micros-
copy. In wvitro. wet dentin ablates with a
marked increase in regularity than dehydrated
dentin (19). In contrast. in wet and dehydrated
cortical tissue, ablation proceeded in a very
regular manner (20). Notably, ablation in dehy-
drated cortical bone proceeded at a much
faster rate than in its wet (physiologic) coun-
terpart. This is reflected by the differences in
the ablation rate. In an attempt to gain insight

~into the actual mechanisms of ablation in

these tissues. scanning electron microscopy
(SEM) was performed. While the SEM charac-
teristics of the human stapes are well defined
(21-24). the interaction of laser energy with the
otic-derived tissue of the stapes footplate is
largely unexplored (25, 26).

In this study. the effect of Ho-YAG laser
irradiation on calvarial and otic capsule bone
tissue 1s examined in terms of SEM findings.
First. the effect of increasing the number of
laser pulses (reflected by exposure time) is
studied in the crater base and crater wall of
these tissues. Second. these same structures
are assessed under similar conditions in chemi-
cally dehydrated tissues to investigate the role
of water in the ablation process.

MATERIALS AND METHODS

Cortical and lamellar bones were harvested
from the parietal and frontal bones of freshly
killed domestic pigs. obtained from a large re-
gional packing company (Clougherty Packing
Company, Vernon, California). Soft tissues
were gently removed from the calvarial sur-
faces. An industrial plug cutter (Irwin Co.,
Model 43904 Wilmington, Ohio) was used to
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obtain 0.5-1n cylindrical cores of bone tissue
that included both internal and external corti-
cal surfaces. A low-speed microstructural saw
with a diamond wafering blade (Buehler,
Model 11-1180 Isomet. Lake Bluft, Illinois) was
used to machine the cylinder of bone into indi-
vidual discs of uniform thickness varying from
0.85 to 0.95 mm. Care was taken to precisely
remove cortical bone from the outer table of
the cylindrical bone plug in order to obtain a
specimen of as uniform density as possible. For
lamellar bone, the cylinder was machined in 1ts
midsection to ensure that no cortical bone rem-
nants were included with these specimens. No
tissue was harvested from the cortical surface
that abutted the dura mater.

For fresh tissue studies. the discs were
placed in a cold saline bath at 4 °C. They were
used within 24 h and allowed to equilibrate
with ambient temperature in a 25°C saline
bath. For dry tissue investigations, the tissue
was first fixed in formaldehyde for 24 h, then
serially dehydrated with graded alcohol solu-
tions from 30 to 100%. The tissue was pre-
served 1n formaldehvde to necessitate safe
storage and handling. Each individual disc
was inspected for uniformity in thickness
using a micrometer and evaluated visually
with a low-power microscope to ensure gross
uniformity. Specimens with marked heteroge-
neity (e.g. suture lines, cracks) were discarded.

Otic capsule tissue was removed from the
temporal bone of the fresh pig skull. A large
calvarial craniotomy was created with a bone
saw. The otic capsule in the domestic pig is
separate from the rest of the temporal bone
and a very clear demarcation in the suture line
exists. The otic capsule tissue 1s noticeably
more yellow and smoother than the surround-
ing petrous tissue. It is easily prised loose with
a narrow osteotome. Fresh otic capsule bone
was stored in saline at 4°C and used within
24 h. For dry tissue studies, fixation and dehy-
dration were performed as described for lamel-
lar and cortical tissue. Following completion
of ablation, all fresh tissue was fixed in form-
aldehyde and serially dehydrated as described
above.

A Q-switched Ho-YAG laser (A=2.1 mm,
pulse width 250 ms FWHM) was used to per-
form all ablation studies (Schwartz Electro-
Optics Laser 1-2-3, Orlando, Florida). Pulse
repetition rate was maintained at 4 Hz while
energy delivered per pulse was 85 =5 md. The
beam was focused with a standard CakF, lens
with a focal length of 6in. Spot size was
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determined using ‘thermal paper and main-
tained at 1 mm”. Bone speciments were held in
place with a caliper mounted on an x-y-z
adjustable support. Energy output from the
laser was monitored with a joule meter
{(Gentec Model ED-5300., Canada). Ablation
times at this frequency were varied from less
than 5s to over 60. Several specimens were
irradiated until a hole was created across the
entire width of the specimen. In these speci-
mens, irradiation was terminated by the regis-
tration of energv on the joule meter placed
behind the specimen.

Following laser irradiation, fresh tissue
specimens underwent fixation over 24 h with
10% formaldehyde, followed dehydration with
serially graded alcohol baths. Both fresh (fixed
and dehydrated) and dehydrated specimens
were mounted on a stub using colloidal silver
liquid (Ted Pella. Redding, California) with
laser-treated areas pointing upward. These
specimens were gold-coated on a PAC-1 Pelco
advanced coater 9500 (Ted Pella). Micrographs
were taken on a Philips 515 (Mohawk, New
Jersey) scanning electron microscope at 75,
120, 500 and 1000 power magnification.

RESULTS
Dry versus wet otic capsule

At low-power magnification, the ablation
craters in physiological (wet) and dehydrated
otic capsule possess the common feature of
extremely rough and jagged walls without
any surface features suggestive of molten
bone. This is illustrated in Fig. 1(a) which
depicts the ablation crater in wet otic capsule
bone after 24 s of laser irradiation. The walls
of the craters in fresh bone appear slightly
more jagged and irregular in terms of texture.
In addition, these observations were also
noted at several different laser exposure times
(32, 24, 12 and 11s for wet tissue). At these
low-power magnifications, molten roughly
spherical globules of bone (approximately
10 pm in diameter) are discernible in the
crater bases of both wet and dehydrated
ablated tissue [Fig. 1(h, ¢)].

A difference is observed in the dehydrated
specimens; there is a large region of different
colour and texture rimming the ablation crater
in the dehydrated otic capsule [Fig. 1(c, d)]
that is clearly absent in wet tissue specimens.
This circumferential banding of the ablation
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Fig. 1. (a) Ablation crater in wet otic capsule bone following 24 s of laster irradiation (magnification 120x). (b) Overhead view
of ablation crater in wet otic capsule following 12 s of laser irradiation. Note the presence of molten spheroids of bone in the
crater base (magnification 120x). (c) Overhead view of ablation crater in dehydrated otic capsule following 28 s of irradiation.
Moiten spheroids of bone are aiso seen in the crater base along with a thin rim of different textured tissue at the crater
margins (magnification 120x). (d) High-power examination of the ablation crater rim in dehydrated otic capsule bone following
60 s of irradiation demonstrating a circumferential band approximately 0.025 mm in thickness at the crater rim (magnification

500x). All parts (a—d) reproduced at 65%.

crater measures approximately 25 ym in thick-
ness and is well demarcated. This may reflect
partial ablation occurring in the dry tissue. At
500 power magnification, more fractures across
the surface of the crater base are seen in drv
otic capsule [Fig. 2(a)]. Of note, in the crater
bases of both wet and dry otic capsule, small
pores are uniformly distributed in the matrix
of melted bone [Fig. 2(a, b)]. These pores may
be a byproduct of the melting of bone that
occurs on the surface of the ablation crater,
and may reflect the escape of vapours from
beneath this molten surface. Of note, the pores
distributed in the melted bone matrix of fresh
otic bone appear larger in size and in greater
number than compared to the pores observed
in dehydrated otic tissue.

At 1000 power magnification, the bases of
ablation craters were scanned and photo-
graphed with the electron microscope for dry

and wet otic capsule specimens. Wet (physio-
logical) specimens were treated for 11 or 12 s,
while dry specimens were ablated for 28 and
60 s. At this high magnification, common fea-
tures in the crater base included (1) the pres-
ence of smooth surface with melted bone
matrix, (11) large globules of molten bone
matrix (collagen and hydroxyapetite) and (iii)
large globular structures that appear to be
vapour filled or ruptured [Fig. 2(c, d)]. At this
magnification, the subtle difference in pore
size at the crater bases between wet otic cap-
sule and dry tissue is demonstrated [Fig. 2(d)].

Examination of the crater wall at higher
power magnification reveals even greater dif-
ferences between wet and dehydrated tissue. In
physiclogical otic capsule, the crater wall
after 11s of exposure appears melted and
smooth with few features suggestive of an
explosive mechanism of tissue destruction. At
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Fig. 2. (a) Fractures and small pores are seen in the crater base of dehydrated otic capsule bone following 28 s of irradiation
(magnification 500x). (b) No fractures were noted in the bases of wet otic capsule bone as illustrated in this specimen treated
for 12 s. The pores seen in wet otic tissue appear larger in size than those observed in dehydrated tissue (magnification
500x). (c) At higher magnification, wet otic capsule shows the presence of smooth melited bone surfaces and large globular
structures. Here the specimen was treated for 12 s (magnification 1000x). (d) Dehydrated otic capsule bone shows similar
features. Several structures appear to have resuited from the rupturing of a vapour-filled globule of meited bone matrix.
Notably. the subtle differences in pore siza in the crater base between wet and dehydrated tissue are clearly observed

{magnification 1000x). All parts (a—d) reproduced at 65%.

24 s, the walls of the crater appear as if pleces
of bone have been chipped off [Fig. 3(a)]. The
appearance 1s extremely irregular with jagged
and coarse features. This very irregular sur-
face 1s suggestive of melting and popping of
crater wall constituents with the violent expul-
sion of material. At 32 s, the wall of the crater
appears rougher in texture than at 24s (wet)
[Fig. 3(b)]. These characteristics are not visible
with shorter irradiation times as evidenced by
the smooth features seen at 11 s [Fig. 3(c)]. In
contrast, dehydrated otic capsule at prolonged
irradiation times (28 and 60 s exposure), pro-
duces crater wall surfaces that are much
smoother and uniform than their physiclogical
counterparts, as illustrated in Fig. 3(d) for
28 s of exposure. Notably, numerous spheroid
globules of molten material appear on the
crater walls at 28 s. This suggests the melting

of the dense otic bone matrix. High-power
examination of drv otic tissues at 28 and 60 s
does not show the irregularity and coarseness
of surface features seen in ablated wet otic
tissues. More melted and smooth surfaces are
clearly evident [Fig. 3(d)].

Dry versus wet cortical bone

The crater base of dehydrated cortical bone at
5,10 and 15 s and physiological cortical bone 3,
10 and 155 laser exposure were examined at
120 power magnification. After 5s of laser
exposure, several interesting features are
noted. First. the surface of dehydrated cortical
bone has a fine lattice-like surface with an
appearance suggestive of exposed collagen
fibres in the absence of inorganic bony matrix
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Fig. 3. (a) The crater wall in wet otic capsule following 24 s of irradiation is irregular and jagged. This suggests an eruptive
and violent mechanism of tissue destruction (magnification 1000x). (b) Following 32 s of irradiation, the crater wall in wet otic
capsule tissue appears even coarser in texture than observed at 24 s (magnification 1000x). {c) At a shorter irradiation
interval, smooth surface features are clearly observed, here illustrated in wet otic capsule following 12 s of laser irradiation
{magnification 1000x). (d) In dehydrated otic capsule the walls of the ablation crater are smooth despite 28 s of treatment.
Numerous spheroid globules of moiten bone material are observed along the crater wall. All parts {a—d} reproduced at 65%.

[Fig. 4(a)]. In physiological cortical bone, 5 s of
laser exposure creates an ablation crater with
undulating waves of molten bone oriented con-
centrically towards the centre of the crater
[Fig. 4(b)]. Also of note is the much larger size
of the ablation crater in the dry tissue [Fig.
4(a)] compared with wet tissue [Fig. 4(b)]. Both
craters were produced by the same laser at
identical fluence, pulse repetition rate, and
laser exposure. The larger crater size in the
dehydrated tissue suggests that the ablation
threshold for dry cortical bone is much
lower than its physiological (wet) counterpart.
Indeed in direct ablation rate measurements,
the lower ablation threshold of dry cortical
tissue was confirmed (18).

After 10 s of exposure, the mesh/lace surface
appearance of dry tissue is no longer present
[Fig. 4(c)]. In both wet and dry tissue, the
formation of globular bone spheres occurs and

is readily observed [Fig. 4(c, d)]. The globule
size in drv cortex appears to be larger. At 15 s,
the craters in both tissues look very similar,
with the exception that the globules in the
dry cortical tissue are larger. This subtle
difference in size noted in the crater bases
may reflect the difference in ablation thresh-
olds between physiological and dehydrated
tissue.

At higher power magnification and 5 s laser
exposure, the base of the ablation crater in
physiological bone illustrates more clearly the
smooth undulating waves of molten bone [Fig.
3(a)]. There is a conspicuous absence of the
large (10-15um) globular spheres, notably
there are no spheroid structures with holes in
them. There are no surface features suggestive
of ruptured molten globules of bone in contrast
to the observations in wet bone at 10 s irradia-
tion [Fig. #(d)]. At 10 5 in wet bone. the base of
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Fig. 4. (a) In dry cortical bone irradiated for 5 s of laser exposure, a fine lattice-like surface with an appearance suggestive of
collagen fibres in the absence of bone matrix is visible (magnification 120x). (b) In wet cortical bone irradiated for 5 s, no
lattice suggestive of collagen fibres is observed. Instead, the ablation crater is filled with undulating waves of moiten bone
oriented concentrically towards the centre of the crater (magnification 120x). (¢) After 10 s of laser exposure in dry cortical
tissue, the network of coltagen fibres is no longer observed. Globular masses of molten bone are seen on the crater base
(magnification 500x). (d) In wet cortical bone. 10 s of laser irradiation results in very similar features: however, several of the
globular masses appear to have ruptured (magnification 500x). All parts (a—d) reproduced at 65%.

the crater takes on characteristics which
include numerous large (10-15 um) spheres of
molten bone. There are several of these struc-
tures with large holes in them, and suggest the
explosive release of vaporized water or col-
lagen. The surface look less smooth and shiny.
At 15 s 1n wet bone, there are significant simi-
larities between wet bone at 10 s. A peripheral
observation includes the findings of melted
bone in the vicinity of the natural holes in the
bone.

At 55 in dry bone, ablation results in the
creation of a fine mesh of structures across the
base of the ablation crater that is much more
clearly observed at higher powers (500, 1000
and 5000 x ). There is a web-like appearance to
the surface [Fig. 5(b-d)]. This surface appear-
ance could possibly be residual coilagen from
which the surrounding inorganic bone
(hydroxyapetitive) material has been ablated

awayv. At 10s in dry cortex, the fibrous/lace-
like structure seen at 5 s is absent. but there is
still a perforated pattern in the base of the
crater [Fig. 4(¢)} reminiscent of the crater base
in dry otic tissue [Fig. 2(d)]. The surface of the
crater is smooth and punctuated by small
pores. The presence of the molten globules
is seen and they measure 10-15 ym or greater
in diameter. Many of these globules are perfo-
rated, suggesting an escape of gaseous con-
tents. At 15 s in dry cortex, there appears to be
more melted bone matrix which has dripped
around the natural holes in the bone matrix.
The large spheres of molten bone are still
present. An image of molten bone flowing
down the crater 1s noted at 500 and 1000 power
magnification [Fig. 6(a, b)].

At 1000 power magnification, wet cortical
tissue at 5s continues to reflect the same
features seen at lower magnifications, undulat-
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Fig. 5. (a) Higher power magnification more clearly demonstrates the undulating waves of moliten bone within the ablation
crater after 5 s of irradiation (magnification 500x). (b) In dry cortical bone, high-power magnification of the specimen in Fig. 4
{a) clearly reveals the presence of fibres arranged in a meshwork (magnification 500x). {c) Higher magnification of the same
specimen shows the finer detail of these fibres in the dry cortical bone (magnification 1000x). (d) Fibres are clearly visible in
the crater base at 5000x magnification. In hard tissue ablation, it has been reported that the organic constituents of bone
ablate preferentially resuiting in an increase in mineral content within the ablation site. Here, the opposite seems to have
occurred as the inorganic component have been selectively ablated (magnification 5000x). All parts {(a—d) reproduced at 65%.

ing waves of molten bone are clearly visible
dripping down towards the centre of the abla-
tion crater. At 10s. the bone surface looks
more disordered, large spheres of molten bone
populate the landscape some appear to be
caught erupting, remnant craters also appear
[Fig. 6(c, d)]). This 1s further reflected at 15s.
High-power microscopy (5000 x ) of drv corti-
cal bone provides a more detailed examination
of the fibril numerous tendril-like structures
observed at lower power {Fig. 5(d)]. A vast
mesh or network of tissue is clearly evident:
there are no surface features that suggest melt-
ing as a step in the ablation process at this
exposure time. At 10 s, the mesh/network-like
structures are no longer seen. Globular masses
of molten tissue are readily apparent. It
appears that there are numerous spheres of
material that extend down towards the base
of the crater. At 15 s. there is more evidence of

melting. although this is not significantly dif-
ferent than findings in wet tissue. Interest-
ingly, several images depict the melting of
collagen or other bone components. Melted
globules of bone are dripping down the wall of
a haversian structure [Fig. 6(b)].

Serial examination of crater walls of dry and
wet otic bone

At 120 power magnification, wet and dry otic
capsule crater walls appear very similar, with
the exception that the wet walls appear more
fractured and chiselled in appearance with a
rougher texture [Fig. 1(a. d)]. Higher magnifi-
cation at 500 power. illustrates subtle differ-
ences in the crater wall. The differences
become less clear, both dry and wet tissues
have a rough surface. the wet tissue looks like
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Fig. 6. (a) In dry cortical bone, moiten bone matrix has dripped down the edge of an ablation crater (magnification 500x). (b}
At 1000x magnification, this phenomenon is dramaticafly illustrated {magnificaticn 1000x). (¢} Following 10 s of irradiation,
high-power magnification of the ablation crater base in west cortical bone reveals large globules of bone {(magnification
1000x). (d) At 2000x magnification, a globule appears to be ruptured. This suggest that the contents of this molten mass of
bone was water or vaporized organic components. All parts (a—d) reproduced at 65%.

small spheres of clay of greatly varving size
thrown against a wall [Fig. 3(a)]: the drv tissue

has a similar appearance, but these balls of

clay have melted [Fig. 1(d)]. On gross light
microscopy. these very rough structures likely
correspond to carbonized bone material that
Lightly rings the ablation site. At 1000 magni-
fication, these difference are quite distinct at
long irradiation times, e.g. 24 and 32 s [Fig. 3(a.
b)]. Under these conditions. the texture of the
crater walls is very rough. In contrast, the
crater wall of dry otic tissue is quite smooth
[Fig. 3(d)] and similar to the morphology of the
crater wall in wet tissue that has been exposed
to only 11 s of irradiation.

Wet otic capsule versus wet cortical bone

A comparison of SEM findings in the crater
base of wet otic and cortical bone at high-

power magnification revealed several interest-
ing differences. At 5s. wet cortex looks like
verv amorphous masses of molten bone strewn
across the base of the crater [Fig. 5(a)]. There
is no evidence of molten bone sphere forma-
tion, although many of the structures suggest
the early formation of these spheres. At 10 s of
laser exposure. the surfaces of wet cortex
appear different than the surfaces of wet otic
tissue. Wet otic tissue (at 12 s) is smooth with
an almost melted appearance [Fig. 2(b)],
whereas in wet cortical tissue, there are
numerous spheres of molten bone with clearly
ruptured spheroids of molten bone [Fig. 6(c)].

DISCUSSION
The mechanisms of laser-mediated bone

destruction are a function of several factors
including the properties of the laser (wave-
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length, pulse width, beam diameter, flux, angle
of incidence) and the intrinsic characteristics
of the tissue (surface contour, laser reflection
and absorption depth, thermal diffusivity,
vaporization energy, melt energy, specific heat,
Gruneisen coefficient, spall strength, 1oniza-
tion energy) (27). Modelling of the ablation
process in biological tissues is limited to
simple structures, and complex heterogeneous
substances such as bone have not been eftec-
tively simulated. Hence, ablation in biological
tissues is often described qualitatively or in
terms of gross descriptors such as ablation
rates and photoacoustic transients. The pulsed
Lr. laser ablation of hard tissue is thought to
occur primarily by the thermal vaporization of
water or organic bone constituents. Photo-
chemical ablation would not be expected at i.r.
wavelengths and the pulse widths employed in
this study. '

The changes that occur in biological tissues
as a function of temperature are quite compli-
cated (28): protein denaturation occurs near
60 °C and water vaporizes at 100 °C. From 100
to 300 °C, decomposition of the organic compo-
nents of tissue occurs with a combination of
combustion and pyrolysis resulting in the car-
bonization of tissue. The burning and evapora-
tion of inorganic components occurs over a
much broader temperature range. Bone has
been estimated to vaporize between 300 and
1000 °C. Pure hvdroxyapatite has been esti-
mated to melt at 1670 °C. Collagen, the major
organic component of bone, melts near 200 °C.
The composition of bone has been estimated to
be approximately 60% mineral (chiefly
hydroxyapatite), 30% organic substances (col-
lagen) and 10% water (29). The mixture of
collagen, water and bone matrix ultimately
results in the formation of a low-boiling-point
composite material that undergoes decomposi-
tion, pyrolysis and vaporization resulting
in violent ejection of both wvolatile and
non-volatile components (29).

In this study, several general observations
on the mechanisms of ablation were noted. The
most striking observation was the finding of
large globular spheroid masses in the bases of
the ablation craters. This was a regular finding
in both wet and dry tissues and under multiple
exposures. Many of these structures appear to
be ruptured and strongly suggest the violent
release of gaseous contents within the globule.
These ruptured globules are a common finding
in the crater bases in both otic and cortical
tissue under both wet and drv conditions.
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While the relative size of these globules differ
between cortical and otic bone tissues, their
presence in dehvdrated tissue suggest that
tissue components other than water are
vaporized.

In dry cortical bone, another finding of note
was the presence of a lattice-like pattern of
small fibres after only brief laser irradiation
(5s). After further laser irradiation, this fea-
ture disappears. The size and distribution of
these fibres suggests that they are collagen
fibres, and the surrounding bone matrix
encompassing these structures has been selec-
tively ablated away. The absence of these find-
ings (presumably collagen fibres) in wet corti-
cal treated with the same laser parameters
suggests that early in the ablation process in
dry tissue, an amalgam of organic and inor-
ganic components of bone (hydroxyapatite) 1s
preferentially ablated away. It is unlikely that
hydroxyapatite was vaporized as its melting
temperature has been estimated to be near
1670 °C.

Mid-i.r. wavelengths in bone ablation have
not been studied extensively by scanning elec-
tron microscopy. In contrast, SEM on laser-
treated hard dental tissues has been an area of
extensive investigation for years. The struc-
tures in teeth share great similarity to bone in
that they are composed of hydroxyapatite,
water and proteins in similar distributions as
that encountered in bone tissue. CO, laser
irradiation of tooth enamel has demonstrated
the differential ablation of the organic compo-
nents of the tissue resulting in an increase in
the mineral content of surface (30). The
increase 1n the mineral content of the surface
relative to the protein component has been
confirmed by several methods and seen with
other lasers including Nd-YAG (31). Both CO,
and Nd-YAG lasers have caused the fusion of
enamel and dentine with the melting and re-
crystallization of the mineral elements of teeth
(32, 33). The surface features produced by a
given laser vary considerably with energy
density. Indeed. in earlier studies on the effects
of excimer lasers on dentine we observed
selective surface ablation of intertubular den-
tine, peritubular dentine or simply uniform
‘coating of the crater bottom by a melted layer
of hydroxvapatite' (34, 35).

With a longer wavelength excimer (XeCl at
308 nm) we have observed the formation of
globules of re-sohidified hydroxyapatite over
the dentine tubules similar to the globules of
melted bone in this study (36). These went on
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to burst as fluence increased to 4 and 7J cm ™ *
Since the absorption characteristics of the
excimer and the Ho-YAG laser are different,
the ablation characteristics would also be
expected to be different. However, the forma-
tion of these structures from re-solidified
matrix material may arise from similar
mechanisms.

Also in dentine Stern et al (33) noted the
presence of large cracks, small fissures. and
pores in CO, treated tissue. Notably, the num-
ber of pores on the laser-treated surfaces
decreased with lower energy densities. At high
densities pores as large as 1 um were observed.
Pores and minute surface cracks were
observed in otic tissues in this study and bear
similarity to the observation noted in teeth
(33).

Finally, while we emphasized the difference
in structure, the observed differences in abla-
tlon crater morphology between otic capsule
bone and cortical bone cannot be easily
accounted for by one factor alone. Several
factors contribute to these differences. The
most obvious is the difference in micro-
architecture between cortical bone, which has
a porous structure resembling coarse ceramic,
and otic capsule, which is smooth and rela-
tively homogeneous. Otic capsule and cortical
bone may also differ in composition. While
collagen and hydroxyvapatite are the major
non-aqueous constituents of bone, thewr rela-
tive proportions may differ between the two
tissues. Furthermore, the type of collagen in
the embryologically primitive otic capsule may
differ substantially from that found in other
bony tissues.

CONCLUSIONS

A regular finding of globular spheroids of
material, probably created by the formation of
bone matrix or water to gaseous phase, was
noted in both wet and dried spectmens in both
tissues. Several of these globules ruptured
vielding an SEM image which suggests a vio-
lent process whereby the inner contents are
ejected. In the ablation of dry bone, SEMs of
tissues treated for short periods of time demon-
strated the presence of fibrous structures. This
may reflect the selective removal of surface
bone constituents with preservation of subsur-
face residual collagen fibres. These disappear
with longer laser irradiation times. In regions
where the energy density during irradiation is
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near or helow threshold, subtle differences
between wet and drv tissue were noted. The
ablation crater walls in wet tissues appear
rougher and possibly reflect a more violent
ablation process suggestive of water vaporiza-
tion causing expulsion of bone material. In
contrast, the crater walls in dry tissue appear
smoother.
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