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Abstract. The effect of tissue micro-architecture and water content on ablation rates in bone is
examined. Precisely machined and prepared porcine calvarial lamellar and cortical bone were
ablated with a Holmium-YAG laser {(,=2.1 um). Lamellar and cortical bone differ substantially in
their tissue micro-architecture. Both are porous hard tissues, which differ predominantly in size
and distribution of pores within the bone matrix. These hard tissues were ablated under
physioclogical (wet) and chemically dehydrated conditions. The ablation rates over the range of
energy densities examined assumes many linear characteristics. Ablation rate (as a function of
fluence) is considerably higher for dehydrated cortical bone (4.7 um cm® J %) compared to fresh
cortical bone (1.49 um cm? J ~1). This trend is also observed in lamellar bone (2.31 yum cm® J ~* for
wet and 0.37 um cm? J ! for dry). Under both physiological and dehydrated conditions, cortical

bone was ablated faster. Mechanisms accounting for these observations are discussed.

INTRODUCTION

Lasers have gained rapid acceptance in middle
ear surgery since the successful performance
of a stapedotomy using an Argon laser in
1980 (1). Since then CO, (A=10.6 um), Argon
(A=488-514 nm) and KTP-Nd-YAG (=532 nm)
systems have gained wide usage in the treat-
ment of middle ear disorders (2-4), particularly
for otosclerosis (5-8). Otosclerosis 1s a unique
disorder of bone resorption and remodelling
affecting only the otic capsule of the temporal
bone (9). In laser surgery of the skull base and
temporal bone, the bone tissue can vary con-
siderably from the very spongy and trabecular
bone of the mastoid cavity to the extremely
dense bone encountered in the otic capsule or
diseased stapes footplate as in otosclerosis. In
particular, studies which have examined the
use of lasers for performing stapedotomy
operations in animals or cadaveric human
tissue have all overlooked the issue of bone
density and architecture (8, 10-15).
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While CO,, Argon and KTP-Nd-YAG have
been effective in creating holes in the stapes
footplate (stapedotomy procedure), there are
practical limitations. With visible wave-
lengths, the absorption in bone and water is
small and ablation is accomplished with the
aid of a pigmented absorber such as a drop of
blood or ablated soft tissue placed over the site
of interest. Continued ablation depends on
formation of carbonized organic matter acting
as an absorber of visible wavelengths (16). This
suggests a strong dependence on pyrolysis
as a means of tissue destruction. In contrast,
CO, has excellent absorption in both water
and collagen {a major constituent of bone),
but commercial CO, lasers require bulky
articulated delivery systems coupled to a
microscope-based micromanipulator. Clinical
practice has not kept pace with the develop-
ment of new laser systems and wavelengths.
This is particularly true with respect to near
and mid infra-red and ultra-violet wave-
lengths.
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Fig. 1. Scanning electron micrographs of prepared bone specimens (x75): (a) cortical bone—subsiantia compacia (fine pore
structure); (b) lamellar bone—subsiantia spongiosa {coarse pore structure).

The Holmium-YAG (Ho-YAG) laser has been
proposed for use in otolaryngologic surgical
procedures (17) and has demonstrated utility
in animai models for stapedotomy (12, 14},
laryngeal surgery (18) and sinus surgery (19).
Clinical applications in otolaryngology have
inciuded the use of the Ho-YAG laser to debulk
extensive nasopharyngeal carcinoma (20) and
for sinus surgery. In orthopaedics, Ho-YAG 1s
used extensively for arthroscopic surgery (21).
In orthopaedic surgery, the photoacoustic
effects (popping sounds) and plasma plumes
are more readily tolerated as most bone and
joints are not surrounded by critical neurclogi-
cal structures in contrast to the ear which is
essentially adiacent to the brain. The Ho-YAG
laser produces little carbonization and coagu-
lative necrosis and has drawn comparisons to
CO,, albeit with the advantage of fibre optic
delivery. While the absorption coefficient for
Erbium-YAG lasers in water is much higher
(@=13000 cm ™) than Ho-YAG (u=40cm ™),
silica fibre optic cables are readily available in
contrast to Erbium-YAG based systems.

While several authors have described the
ablation process in bone using infra-red wave-
lengths (22-27), the role of water in this pro-
cess and the influence of tissue architecture
have not been completely addressed. Although
Nuss et al measured ablation rates with
Frbium-YAG lasers in dried guinea-pig cal-
varial bone, a comparison with fresh
(hydrated) bone was not performed (24). Most
studies on bone ablation have focused on long
bones with an emphasis on orthopaedic appii-
cations (22, 23, 27). Long bones are composed
of dense cortical bone surrounding an inner
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core of marrow-bearing highly cellular
trabecular bone tissue with macroscopically
visible pockets of soft tissue and fluid. The
bones of the calvarial vault do not share this
organization. First, calvarial bone does not
contain marrow and varies in that it is com-
posed of two lavers of cortical bone tissue
sandwiching an inner layer of lamellar tissue.
The change from cortical to lamellar bone
occurs gradually, As illustrated in the low
power scanning electron microscopy photo-
graphs, in Fig. 1(a) the porous nature of corti-
cal bone differs substantially from lamellar
Fig. 1(b). While calvarial bone has been used
to study ablation characteristics (24-26, 28),
there are no studies which address these
changes in tissue micro-architecture.

In the skull base and temporal boune, each
clinical problem for which a laser may have
potential application usually has a different
type of bone tissue associated with it. One
critical interaction is the influence of bone
micro-architecture on the ablation process. In
ear surgery, the bone encountered varies from
being very compact as in cortical bone or otic
capsule to very spongy such as in the mastoid
cavity. This study used porcine cortical (sub-
stantia compacta) and lamellar bone (sub-
stantia spongiosa) as a model tissue for
investigating laser-iissue interactions in bone
tissue where the underlying tissue micro-
architecture is variable. In addition, the role of
water in the ablation process is examined. This
is illustrated by demonstrating the ablation
characteristics of a Ho-YAG laser on fresh
and dehydrated specimens in these two bone
tissues. The ablation rates for compact cortical
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bone 1s compared to that of less compact
lamellar bone. The role of pulse repetition
rate and power density are described in dry
lamellar bone. The influence of the tissue
micro-architecture is discussed.

MATERIALS AND METHODS

A pulsed Ho-YAG laser in a free running mode
(A=21pum, pulse width 250us FWHM) was
used to perform all ablation studies (Schwartz
Electro-Optics Laser 1-2-8, Orlando, Florida,
USA). Pulse repetition rate was varied from
2 to 7 Hz while energy delivered per pulse was
varied between 30 and 130 md. The beam was
focused with a standard CaF, lens with a focal
length of 200 mm. Spot size was determined
using thermal paper and maintained at 1 mm®.
Bone specimens were held in place with a
caliper mounted on a x-y-z adjustable support.
Energy output from the laser was monitored
and determined before each ablation with a
ioulemeter {Gentec Model ED-500, Canada).
Ablation rates (microns per pulse) were deter-
mined by measuring the time required for
penetration of the bone specimen with a pre-
determined thickness. Completion of ablation
was determined by placing a power meter
behind the disc being studied. When the
laser penetrates through the entire tissue
specimen, the joulemeter ig triggered. The
meter activation energy is 1 md,

The specific methods for tissue preparation
and machining have been previously described
(29). Cortical and lamellar bone were har-
vasted from the parietal and frontal bones of
freshly sacrificed domestic pigs (Farmer
John’s Clougherty Packing Company, Vernon,
California, USA). Soft tissues and periosteum
were gently removed from the outer calvarial
surface. An industrial plug cutter (Irwin Co,
Model 43904, Wilmington, Ohio, USA) was
used to obtain 0-5” cylindrical cores of bone
tissue that included both internal and external
cortical surfaces. A low speed microstructural
saw with a diamiond wafering blade (Buehler,
Model 11-1180 Isomet, Lake Bluff, Iilinois,
USA) machined the cylinder of bone into thin
discs of uniform thickness varying from 0.85 %o
0.95 mm. Care was taken to precisely machine
cortical bone from the outertable of the cylin-
drical bone plug in order to obtain a specimen
of as uniform density as possible. For lamellar
bone, the cvlinder was machined in its
midsection to ensure that no cortical bone
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remnants were included with these specimens.
No tissue was harvested from the cortical
surface that abuited the dura mater.

For fresh tissue studies, the discs were
placed 1n 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 alechol solu-
tions. The tissue was preserved in formalde-
hyde to ensure safe storage and handling. Each
individual dise was inspected for uniformity in
thickness using a micrometer and evaluated
visually with a low power microscope to ensure
gross uniformity. Specimens with marked
heterogeneity {(e.g. suture lines, eracks) were
discarded. Following completion of ablation,
all fresh tissue was fixed in formaldehyde and
serially dehydrated as described above.

Density of the cortical and lamellar bone
tigssue was determined by measuring the thick-
ness and diameter of each individual disc
weighing each specimen under dry eonditions.
Low power light micregraphic ebservations
were performed on several specimens to illus-
trate the wvariation in tissue architecture.
The spatial density of pores per low power
field was determined as well as-the surface
area of each pore via optical micrometry at
x 84 magnification.

RESULTS

Density determinations and micrographic
observations

The average densities were 0.98 mg mm ™ and
1.18 mg mm ™%, respectively, for cortical and
lameliar bone. The standard deviations were
0.151 mg mm ~* and 0.146 mg mm ~?, respec-
tively. There is significant overlap between
these two populations. The strong similarity
between the two tissues would suggest that
the differences in ablation rate are not due to
differences in. mass per unit volume. Micro-
architecture in lamellar and cortical hone
specimens were assessed using low power light
microscopy. Several observations are readily
apparent. The two tissues share an overall
similarity in terms of their architecture: As
illustrated in Fig. 1, the structure of both these
two tissues is honeycombed and trabecular in
nature. However, they differ markedly in the
gize of the spaces within the bone matrix. In
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Fig. 2. Ablation rates as a function of pulse repetition rate in dehydrated lamellar bone.

living tissue, these regions (devoid of bone
matrix) are filled with interstitial fluid and soft
cellular elements such as blood or marrow
components. The trabecular structure of the
bone provides structural support while mini-
mizing mass. The smaller resolution of the
cortical bone architecture yields bone which is
hard with respect to direct impacts. The
coarser (or larger) lamellar bone allows for
distribution of force. The average pore size was
estimated to be 0.030 mm? (4 0.023 mm? s.d.)
for cortical bone and 0.26 mm? (+0.17 mm?
s.d.) for lamellar bone. As a relative measure,
the average number of pores per microscopic
field (x64) was 177.4 (£22.2s.d.) and 38.8
(£6.9s.d.) for cortical and lamellar bone,
respectively.

Ablation rate as a function of pulse
repetition rate

The ablation rate as a function of pulse rep-
etition rate was determined in dehydrated
lamellar bone. The depth of the hole created
per laser pulse was determined for pulse
energies varying from 2J em ™% up to
12J cm 2 per pulse. Pulse repetition rate
varied from 2 to 7Hz and the results are
depicted in Fig. 2. Linear regression analysis
revealed correlation coefficients of 0.69, 0.89
and 0.90 for 2, 4 and 7 Hz, respectively. The
rates of change of ablation efficiency with

fluence were 2.0, 2.31 and 2.56 um cm?® J ! for
2, 4 and 7 Hz, respectively. The results indicate
a very linear dependence of ablation efficiency
changes on energy per pulse. Increasing the
pulse repetition rate results in a moderate
change of this parameter.

Abiation rate as a function of pulse
repetition rate with constant energy per
pulse

With the energy per pulse kept constant at
5.30 J cm 2 per pulse = 0.40 J cm ™ ? the abla-
tion rate as a function of pulse repetition rate
was determined in dehydrated lamellar bone
(Fig. 3). As frequency increases from 2 to 5 Hz,
the ablation rate in terms of microns per
second increases. High fluences for pulse rep-
etition rates of 5 Hz could not be attained with
the laser employed for these studies.

Ablation rate as a function of pulse
repetition rate with constant power

When the power was kept constant at
176 W cm ™ 2+ 1.07W cm 2, and the ablation
rate was determined in dry lamellar bone with
the pulse repetition rate varied from 2 to 7 Hz,
then the ablation rate in terms of microns per
second was relatively constant (Fig. 4). The
energy per pulse decreases with increasing
pulse repetition rate.
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Comparison of ablation rates between fresh
and dehydrated lamellar and cortical bone

Fresh and dehydrated lamellar and cortical
bones were ablated at pulse repetition rate
of 4 Hz with energy per pulse varying from
2Jcm ?upto12d em % The data is depicted
in scatter diagrams with their corresponding

regression lines as illustrated in Fig. 5. In all
cases there appears to be a linear increase in
ablation rates with pulse fluence. The weakest
dependence is observed with fresh lamellar
tissue as shown by the linear curve. Unfortu-
nately, the correlation coefficient in this case
is poor (r=0.52) despite the large number of
data points. The slope of this curve is 0.37 um
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Fig. 5. Ablation rates for cortical and lamellar bone under physiological (wet) and dehydrated conditions.
em? J7! which is six times lower than the architecture as one moves from the cortical

slope of the curve in dehydrated lamellar
bone (2.31 um cm? J !, r=0.89). The slope for
dehydrated cortical bone is 4.70 um cm? J !
which is twice that of dried lamellar bone
(2.31um cm® J~1). With dehydrated cortical
bone, excellent correlation (r=0.93) was noted.
Fresh cortical bone demonstrated an ablation
rate curve slope of 1.49um cm? J~! with
excellent correlation (r=0.89).

DISCUSSION

In this study, the ablation characteristics of
wet (physiological) and dried calvarial lamel-
lar and cortical porcine bone were described.
The compact cortical bone (substantia com-
pacta) differs from lamellar bone (substantia
spongiosa) in terms of the intrinsic architec-
ture of the bone itself. Both tissues share com-
mon features in that they are honeycombed
structures with pockets filled with fluid or soft
tissue that are surrounded by extremely dense
bone matrix, which is approximately 35%
collagen, 60% calcium phosphate (hydroxy-
apatite) and 5% water. In lamellar bone, the
pockets are large and overall provide struc-
tural support to the calvarial vault while
minimizing weight. Cortical bone must absorb
the incident impact of blunt trauma and has
smaller pockets interspersed in the bone
matrix. In vivo, there is a gradation in this

surfaces to the deeper lamellar bone tissue. In
this study, only the outermost portion of the
cortex and inner central region of the lamellar
tissue were examined in order to emphasize the
difference in structure. Although at this time,
the authors do not have a complete theory of
the effect of pore size on the ablation rate, this
parameter could play an important role in the
mechanical transients and thermal diffusion
characteristics. Their quantification and corre-
lation to ablation rates would be likely to help
in further interpretation of the authors’ data.
Some basic ablation characteristics of de-
hydrated lamellar bone were examined.
Increasing pulse repetition rate from 2 to 4 Hz
with constant energy delivery per pulse dem-
onstrated minimal change in the ablation rate
slope (um cm? J~1) (Fig. 3). This implies that
pulse-to-pulse residual effects, such as ablated
debris, heat or density changes, were not sig-
nificant enough to modify ablation character-
istics. This purely additive effect in ablation is
demonstrated between 2 and 4 Hz pulse rep-
etition rate. At 5 Hz pulse repetition rate, the
ablation rate slope (um cm® J~') increases
slightly with the increase in frequency. This
means that sandwiched between 0.25s and
0.5 s pulse separation interval, these pulse-to-
pulse effects are not significant enough to
modify the ablation rate. Higher pulse rep-
etition rates with constant energy per pulse
produce successively larger ablation rates.
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In the present system, the energy per pulse
decreases inversely with respect to increasing
pulse repetition rate such that when the power
delivered is constant, then ablation rate per
unit time is relatively constant though the
ablation rate per pulse decreases (Fig. 4). The
authors state this observation to the extent
that this i1s a common phenomena with other
Ho-YAG systems; it is important to keep this in
mind.

In fresh lamellar bone, the ablation rate
was determined at a pulse repetition rate of
4 Hz. The data depicted in Fig. 5 demonstrates
increasing ablation rate with increasing
energy per pulse, but the correlation is poor
(r=0.52). In contrast to fresh lamellar bone,
fresh cortical bone ablation at 4 Hz proceeds in
a linear fashion with good correlation (r=0.89)
(Fig. 5). The structural architecture of these
tissues is similar, but differs in one important
way. First, cortical bone contains many
pockets; the size of the pockets is substantially
smaller than the pockets in lamellar bone.
These smaller pockets of water clearly require
less energy to vaporize than their lamellar
counterparts, and thus may explain the
difference in ablation rates.

When dehydrated, cortical bone is ablated
with good correlation (r=0.93) with an abla-
tion rate of 4.71 um cm® J~ ' (Fig. 5). This rate
is greater than that observed in lamellar bone.
This difference in ablation between fresh (wet)
cortical bone and dry cortical bone is signifi-
cant. The effect of water in the ablation pro-
cess i1s most dramatically illustrated in this
tissue. The role of tissue architecture is exem-
plified by the differences in the ablation rates
between fresh cortical and lamellar tissue.

The data appears to raise two questions that
should be addressed. First, why do tissues with
a smaller pocket/pore size (cortical bone)
ablate quicker than those with larger pockets?
Second, why do hydrated tissues ablate at a
lower rate than their dry counterparts? In
examining the effects of water on the ablation
process, it should be noted that, in this study,
dehydration referred to the removal of all
water that filled the macroscopic pockets and
pores of the tissue specimen. The most simple
explanation for the decrease in ablation rate
observed in wet tissues is that wet tissues have
greater mass per unit volume than their dry
counterparts and hence require more energy to
ablate. The macroscopic pockets of water
absorb part of the incident laser energy and
must be vaporized for the ablation process to
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continue. The pockets are of variable size
depending on the specific bone tissue. These
pools of water may measure up to 0.25 mm? in
area in lamellar bone in contrast with
0.03 mm? in cortical tissue. If ablation occurs
via the production of vaporized water within
the bone matrix (as opposed to the large
pockets of water), then water should enhance
ablation. This was not observed with these
porous structures.

The density and type of bone used in these
studies simulate those encountered in head
and neck surgery. The ablation rates in hard
tissues of differing microstructure were deter-
mined under both native and dehydrated con-
ditions. Dehydrated porous bone tissues ablate
more readily than their dry counterparts and
this varies with the tissue micro-architecture.
The ablation rate of bone with a fine pore
structure (cortical) is greater than that with a
coarser architecture (lamellar). As pulsed
infra-red lasers find clinical application in
ablating bone, tissue micro-architecture and
water content status need to be considered
in order to optimize treatment and better
determine specific laser parameters.
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