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Lasers in Surgery and Medicine 26:421-434 (1999)

Comparison of Cortical Bone Ablations
by Using Infrared Laser Wavelengths
2.910 9.2 um

George M. Peavy, bvm,** Lou Reinisch, php,? John T. Payne, pvm,® and
Vasan Venugopalan, scp®#

IBeckman Laser Institute and Medical Clinic, College of Medicine, University of California,
Irvine, California
2Department of Otolaryngology, Vanderbilt University Medical Center, Nashville, Tennessee
3Department of Small Animal Surgery, University of Missouri-Columbia, College of Veterinary
Medicine, Columbia, Missouri
“Department of Chemical and Biochemical Engineering and Materials Science, University of
California, Irvine, California

Background and Objective: The purpose of this study was to compare
the ablation of cortical bone at wavelengths across the near and midin-
frared region.

Study Design/Materials and Methods: An free electron laser generating
4-ps macropulses at specific wavelengths between 2.9 and 9.2 pm was
used to ablate cortical bone. The same pulse intensity, repetition rate,
radiant exposure, number of pulses, and delivery was used for each
wavelength. Tissue removal, collateral thermal injury, and morpho-
logic characteristics of the ablation sites were measured by light and
scanning electron microscopy, and compared with the infrared absorp-
tion characteristics of cortical bone.

Results: Within the parameters used, bone ablation was found to be
wavelength dependent. Incisions were deepest where protein has
strong absorption, and were most shallow where mineral is a strong
absorber. No char was observed on ablation surfaces where 3.0, and
5.9-6.45 pm wavelengths were used.

Conclusions: The use of wavelengths in the 6.1-pm amide I to 6.45-pm
amide Il region, with the pulse characteristics described, were the most
efficient for cutting cortical bone and produced less collateral thermal
injury than cutting with a surgical bone saw. This study confirms pre-
vious observations that the ablation mechanism below plasma thresh-
old is consistent with an explosive process driven by internal vapor-
ization of water in a confined space and demonstrates that ablation is
enhanced by using wavelengths that target the protein matrix of cor-
tical bone. Lasers Surg. Med. 25:421-434, 1999. © 1999 Wiley-Liss, Inc.
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INTRODUCTION

The cutting of bone is a common procedure in
orthopedic surgery, used to access structures pro-
tected by bony surfaces, correct or reconstruct
skeletal abnormalities, attach orthopedic appli-
ances, and allow the implantation of joint pros-
theses. Failure to perform an accurate osteotomy
may result in injury to surrounding tissue or or-
gans or contribute to either reconstruction or im-
plant failure. Osteotomy precision is often dimin-
ished by the limitations imposed by the use of a
hand-held pneumatic osteotomy saw. Use of a la-
ser to incise bone could permit more controlled
cutting, especially if coupled with a computer or
robotic control device.

Conventional lasers allow the use of a single
wavelength or harmonics of that wavelength for
clinical application; however, the free electron la-
ser (FEL) allows the selection of wavelengths
across a broad spectrum in the infrared (IR)
range. The Vanderbilt FEL can be used to produce
wavelengths between 2.8 and 9.3 pm, in 4.0-
microsecond (ws) macropulses, which are com-
posed of a series of 1- to 2-picosecond (ps) micro-
pulses delivered 350 ps apart. The versatility of
the FEL allows for the selection and comparison
of laser wavelengths across the near and mid-IR
ranges while maintaining the same energy and
pulse structure.

Characteristics of bone ablation have been
reported for the specific wavelengths and modes
of the Eximer, Ho:YAG, HF, Er:YAG, and CO,
lasers [1-23]. Studies that use near to mid-IR
wavelengths to compare ablations of various hard
tissues by different laser systems have demon-
strated dependence on both wavelength and pulse
duration. The wavelength dependence has been
attributed to the spectral absorption properties of
the tissue water and mineral components [6,12,
15,16,24,25].

In a previous study, we determined that in
vivo specimens of cortical bone can be ablated at
3.0-, 6.1-, and 6.45-pm wavelengths, by using the
pulse structure described here, with minimal al-
terations in the chemical composition of the abla-
tion surface as determined by Fourier transform
infrared (FTIR) photoacoustic spectrometry (PAS)
[26]. The purpose of this study is to determine
whether bone ablation exhibits a wavelength de-
pendence across the IR region when the pulse
characteristics of the incident irradiation are
maintained the same for each ablation. Specifi-
cally, we wanted to examine the relationship be-
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tween the observed characteristics of laser cuts to
the IR absorption spectrum of cortical bone, with
the aim of determining whether cut depth could
be enhanced by wavelength selection while induc-
ing less collateral tissue injury than that pro-
duced by a conventional surgical bone saw.

MATERIALS AND METHODS

A FEL was used to produce wavelengths be-
tween 2.9 and 9.2 wm, delivered in 4.0-ps macro-
pulses composed of a series of 1- to 2-ps micro-
pulses, delivered 350 ps apart. The macropulse
repetition rate was 30 Hz, pulse energy was 22.5
+ 2.5 md/pulse, and the beam was directed
through a 200-mm focal length calcium fluoride or
barium fluoride lens into a 200-pm diameter spot.
The wavelength composition of the FEL beam is
approximately +0.5% of the wavelength at full
width half-maximal height.

Before performing ablations at each wave-
length, the focal distance for the selected lens was
determined for the specific wavelength by collect-
ing serial ablations at varying focal distances. The
distance between the lens and the surface of each
specimen was adjusted to conform to the focal dis-
tance established for each wavelength. The spot
size was again confirmed by obtaining four indi-
vidual ablation spots on a wooden tongue depres-
sor placed at the focal distance determined for the
wavelength and measuring the crater diameter
under magnification.

A previously described computer controlled
delivery system [27] was used to direct the beam
along the ablation surface. Each successive mac-
ropulse was directed in a rotating order to one of
five equal length segments of the programmed ab-
lation line. After delivery of the fifth macropulse,
the order was repeated; however, the beam was
offset from the previous ablation spot of each seg-
ment by 10% of the spot diameter. Each 6.6-mm
ablation line consisted of three complete 11-
second passes of 328 individual overlapping mac-
ropulses with the accumulated total of 10 pulses
delivered per spot diameter per pass. Radiant ex-
posure delivered along the ablation line was 716
J/em2 per pass, for a total of 2,150 J/cm2 delivered
for the complete ablation.

Fresh bovine cadaver femur specimens were
collected from a slaughterhouse. The mid-shaft
portions were isolated and sectioned into approxi-
mately 3 x 4 cm blocks of cortical bone by using a
commercial band saw. The specimens were placed
on normal saline-soaked cotton cloth towels,
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sealed in a plastic container, and refrigerated un-
til used.

The specimens were used within 48 hours of
collection. Individual specimens were selected at
the time of use for presentation of a flat surface
that would accommodate two to four ablation test
sites. The periosteum was stripped from the sur-
face. The sample was then wrapped in a normal
saline-soaked gauze sponge and kept in a closed
container before and after the ablation procedure.

Each specimen was placed on a fixed surface
under the beam path and held in position with
modeling clay. The focusing lens was adjusted to
the appropriate distance to produce a 200-pm
spot as previously determined for each wave-
length. Gauze sponges soaked in normal saline
were used to cover all portions of the bone speci-
men not being ablated.

A nitrogen-driven microsagittal bone saw
(Micro 100 sagittal saw, no. 5053-11, Linvatec
[Hall Surgical], Largo, FL) was used to make cuts
in specimens that approximated the dimensions
of the laser ablation cuts. Control bone specimen
blocks of similar dimensions but without laser or
bone saw ablations were selected and fixed at 0,
24, and 48 hours after collection. After the collec-
tion of all ablation specimens for each parameter,
the excess bone was trimmed from each block and
the blocks were then placed in sealed containers
of 10% formalin and refrigerated.

Individual specimens were examined and
imaged at 1.5 to 15x under a dissecting micro-
scope (model SZH, Olympus Optical Co., LTD.,
Tokyo, Japan), rinsed and stored in phosphate
buffer under refrigeration. Specimens for light
microscopy were decalcified (Rapid Bone decalci-
fier, APEX Engineering Products Corporation,
Plainfield, IL), dehydrated in progressive concen-
trations of ethanol, cleared (Histoclear, National
Diagnostics, Manville, NJ), and infiltrated with
paraffin in a tissue processor (model 166MP,
Fisher Scientific, Pittsburgh, PA). The samples
were then embedded in paraffin, cut in 6-pm-
thick serial sections, mounted on glass slides, and
stained with hematoxylin and eosin.

A minimum of 35 individual sections were
prepared in series from the center portion of each
ablation line specimen. The serial tissue sections
were examined by light microscopy (model BH-2,
Olympus Optical Co., LTD., Tokyo, Japan), and
the section of each series with the deepest laser
cut was used for evaluation. A specimen section
for evaluation was selected from each of four dif-
ferent cuts for each wavelength (n = 4).
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Light microscopy images were captured
(Video Player software, Apple Computer Inc., Cu-
pertino, CA) at 10x and 100x magnification by
using a CCD camera (model DXC-101, Sony, Ja-
pan) attached to the microscope. The ablation
sites were examined for cut depth, cross-sectional
area, collateral thermal injury, presence of char,
and morphologic characteristics. Measurement of
tissue structures was performed digitally on a
computer system (Power Mac G3, Apple Com-
puter, Inc., Cupertino, CA) that used analytical
software (IP Lab Spectrum 10, Signal Analytics
Corp., Vienna, VA). A 2-mm micrometer standard
was imaged and used to convert the measurement
of pixels to distance in microns (8.333 pm per
pixel at 10x and 0.83 pm per pixel at 100x).

RESULTS

Gross examination of the ablation specimens
under a dissecting microscope revealed clean ab-
lation surfaces free of char at wavelengths 2.9,
3.0, and 5.9-6.45 pm. For wavelengths 3.1-4.2,
5.0, and 6.6—7.5 um, occasional areas of char were
observed on one end of the ablation line but not
along the walls. Only rare, slight char was noted
on the lip of the ablations at 5.8, 8.0, 9.0, and 9.2
pm wavelengths (Fig. 1). In almost all cases
where char was observed, it was confined to either
the lip of the ablation edge or one end of an abla-
tion line.

The ablation characteristics at each wave-
length are presented in Figure 2 and Table 1. The
most shallow laser cuts, which ranged from 0.95
to 1.08 mm deep, are observed with the wave-
lengths of 5.8, and 8.9-9.2 pm. An increase in cut
depth is observed from 1.39 mm at the 2.9-pm
wavelength to 1.73 mm at the 3.0-pum wavelength,
although the cross sectional areas of each cut re-
main similar. Cut depth decreases for wave-
lengths 3.1 and 3.2 wm, increases again for the
4.2- and 5.0-pm wavelengths, then drops to 1.01
mm at the 5.8-pum wavelength. There is a progres-
sive increase in cut depth from 1.01 mm to 2.55
mm between wavelengths 5.8 and 6.1 wm. Maxi-
mal cut depth is observed to be 2.55 mm at the 6.1
pm wavelength, drops slightly, approximating
2.31 mm through the 6.45 pm wavelength, then
ranges between 1.74 mm and 1.93 mm with the
wavelengths of 6.6 to 7.2 um and again at 8.0 pm.

In Figure 3, the cut depth and cross-sectional
area are plotted for each wavelength and com-
pared with the previously reported infrared pho-
toacoustic absorption spectrum for rabbit cortical



424

Peavy et al.

Fig. 1. Osteotomy cuts of cortical bone made by using a bone saw and FEL wavelengths 3.0, 5.0, 6.1, 6.45 and 9.2 pm, viewed
under a dissecting microscope (original magnification, 15x. Clean cuts without evidence of any char were observed at 2.9-, 3.0-,
and 5.9- to 6.45-pm wavelengths. As demonstrated by the view of the ablation at 5.0 um, occasional areas of char were observed
at one end or surface lip of some of the cuts made by using wavelengths 3.1-4.2, 5.0, 5.8, 6.6-7.5, 8.0, 9.0, and 9.2 pm. Bone
saw cuts tend to be wider and have more particulate debris associated with them.

bone [26]. Cut depth seems to be related to the IR
absorption spectrum in the regions of wave-
lengths 2.9-3.2 pm and between 5.8 and 8.0 pm,
but is inversely related to absorption between 8.9
and 9.2 pm. Cut depth for wavelengths 4.2 and
5.0 wm does not seem to correlate with the IR
absorption spectrum and relative cut depths ob-
served for the other wavelengths.

Collateral thermal injury, as measured from
the crater wall at the midpoint of the crater depth
along a line perpendicular to the side of the cra-
ter, is listed in Table 1. For most wavelengths the
zone of collateral thermal injury ranges between
10 and 20 pm; however, it approximates 20-25
pm for wavelengths 2.9, 5.8, and 9.2 pm and is
observed to be 30—35 pm for wavelengths 3.0, 4.2,



Fig. 2. Histology sections of bone saw cut and laser cuts of cortical bone made by using FEL wavelengths 2.9-9.2 pm, 200-pm
spot size, and the equivalent of 30 individual macropulses with a total of 2,150 J/cm? delivered for each ablation. Cut depth
is clearly wavelength dependent, with the deepest cuts occurring with wavelengths 6.1-6.45 pm, and the shallowest occurring
for wavelengths 5.8 and 8.9-9.2 pm.
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TABLE 1. Characteristics of Bovine Cortical Bone Cuts Made Using Laser Wavelengths 2.9 to 9.2 pm or a

Sagittal Bone Saw*

Cut depth (mm)

Collateral thermal
injury (pm)

Cut cross-sectional
area (mm?)

A T, water ", collagen

(nm) (mm™1Y) (mm~™1) Mean +SD Mean +SD Mean +SD
2.9 1161 122 1.39 0.18 0.35 0.09 22.4 5.4
3.0 1139 237 1.73 0.31 0.32 0.06 29.2 12.1
3.1 778 126 1.51 0.02 0.31 0.12 12.1 0.6
3.2 363 81 1.56 0.08 0.51 0.06 15.7 3.5
4.2 21 8 1.62 0.10 0.33 0.08 34.1 8.7
5.0 31 7 1.79 0.08 0.31 0.10 29.8 11.2
5.8 72 30 1.01 0.09 0.16 0.02 23.1 10.9
5.9 132 160 1.38 0.13 0.21 0.03 16.3 5.2
6.0 224 664 1.96 0.82 0.36 0.05 10.2 4.6
6.1 270 848 2.55 0.06 0.41 0.05 15.1 0.8
6.3 114 99 2.34 0.89 0.43 0.05 13.8 1.9
6.45 82 362 2.31 0.12 0.56 0.08 17.8 3.0
6.6 68 218 1.91 0.36 0.41 0.10 19.1 3.5
6.75 62 69 1.93 0.22 0.27 0.09 18.0 2.5
6.9 59 108 1.76 0.18 0.28 0.02 12.0 6.0
7.0 57 82 1.74 0.48 0.33 0.09 17.3 3.6
7.1 57 95 1.84 0.85 0.26 0.11 11.7 1.4
7.2 56 77 1.86 0.10 0.22 0.11 7.4 5.5
7.5 55 59 1.51 0.21 0.27 0.02 7.1 1.0
8.0 54 110 1.73 0.12 0.25 0.07 12.0 3.1
8.9 55 39 1.05 0.09 0.21 0.03 15.1 2.5
9.0 56 48 1.08 0.64 0.20 0.04 12.8 3.2
9.1 57 48 1.08 0.07 0.22 0.02 10.8 8.1
9.2 57 50 0.95 0.04 0.20 0.04 23.0 9.0
Saw 0.83 0.20 0.42 0.22 23.4 13.6

*All laser cuts were made using a 4.0-ps macropulse, 200-um spot diameter, pulse intensity of 72 J/cm?, and total energy of
2,150 J/cm? for the cut. The width of the zone of collateral thermal injury was measured from the wall of the cut at the midpoint
of the cut depth, along a line drawn perpendicular to the wall. Absorption coeficients (n,) were extrapolated from data
previously reported for "water [35], and "type I collagen [37]. For each parameter, n = 4.

and 5.0 pm. Collateral thermal injury on the sides
of the bone saw cut vary greatly between speci-
mens, with an observed range of 8.1-43.6 pm.

The area immediately adjacent to the abla-
tion crater and bone saw cuts was subjectively
evaluated for the presence and absence of cells
within individual lacuna, and compared with
similar areas at the same depth from the surface
of the specimen but well away from the ablation
area. Although there seems to be some decrease in
the number of lacuna that contain cells immedi-
ately adjacent to all ablation sites, no distinct
zone of empty lacuna could be identified for any of
the specimens examined. In all cases, populated
lacunae are found even within the area of collat-
eral thermal injury. There is no difference in the
relative number of populated and unpopulated la-
cunae observed in the laser cut specimens and the
bone saw specimens.

SEM examination of the crater walls (Figs.
4-6) revealed a uniform surface of collagen tufts
with varying degrees of melting, occasional intact

crystals protruding from or resting on the surface,
and no evidence of microfissures. The exposed col-
lagen tufts on the surface of the laser ablations
display a more roughened appearance on the bot-
tom of the crater and a smoother texture along the
wall moving toward the top of the crater. The size
of the crystals observed on the surface of some
samples are approximately 10 um wide and range
from 20 to over 50 pm in length. The surfaces of
the bone saw cuts are very smooth in texture but
broken into slabs by multiple microfissures.

DISCUSSION

Cortical bone is composed of an organic ma-
trix (25—-30% by weight), crystalline minerals (60—
65%), and water (10%) [28]. The organic matrix is
90-95% type I collagen, and much of the rest is an
amorphous ground substance. The collagen forms
fibrils of individual 280-nm-long molecules that
overlap neighboring molecules by 70 nm, with a
space of 40 nm separating the ends of successive
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Fig. 3. Cut depth and area of bovine cortical bone laser ab-
lations made by using FEL wavelengths 2.9-9.2 pm com-
pared with the FTIR-PAS absorption characteristics of rabbit
cortical bone similar to that previously reported [26]. The
magnitude of the laser ablation cuts parallel the absorption
characteristics of cortical bone for wavelengths 2.9-3.2 pm
and 5.8-8.0 pm but are inversely proportional to the absorp-
tion characteristics for wavelengths 4.2, 5.0, and 8.9-9.2 pum.
(FTIR-PAS courtesy of Dr. Paulette Spencer, School of Den-
tistry, University of Missouri, Kansas City).

molecules. The mineral component is predomi-
nantly calcium and phosphate apatite formed as
needles, plates, or leaves which are distributed
regularly along the collagen molecules, with as
much as 50% of the total mineral deposited in the
major 40-nm spacings. The amorphous cement
substance, which contains proteoglycans, other
proteins, and water, surrounds the apatite crys-
tals and the collagen fibers. Collagen provides the
structural framework of bone, whereas the min-
eral component adds strength and rigidity [28-32].

Bone apatite is characterized as a carbon-
ate containing, poorly crystallized analog of the
naturally occurring mineral hydroxyapatite,
Ca,((PO,)sOH,. Bone mineral is distinct from
geologic apatite because of its small crystallite
size (40-50 nm x 25—-35 nm, x 2.5-5.0 nm) and its
structural imperfections [33]. Bone apatite is of-
ten modified by substitution of fluoride or chloride
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ions for hydroxyl groups and carbonate ions for
the tetrahedral phosphate groups. Because the
exact stoichiometry of bone mineral is dependent
on age, isomorphous substitution, and other fac-
tors, it has been suggested that bone apatite
should be described as a calcium-and-hydroxyl—
deficient, hydrogen-and-carbonate—containing
analog of hydroxyapatite that is characterized by
structural imperfection and a high surface area
[34].

Water has good optical absorption across the
IR spectrum investigated in this study, with ab-
sorption peaks at 3.0 pm (O-H stretch) and 6.1pm
(O-H bend) [35]. Absorption peaks attributable to
protein are found at 3.0 pm (amide A), 3.25 pm
(amide B), 6.06 pm (amide I), 6.45 pm (amide II),
and 8.06 pm (amide III) [36]. The absorption co-
efficients (pa) for water [35] and collagen [37] are
extrapolated from previously published data and
are presented in conjunction with the observed
ablation characteristics of cortical bone for each
wavelength in this study (Table 1).

Although nonapatitic mono-, di-, and tri-
basic forms of calcium phosphate have moderate-
to-strong absorption at wavelengths 3.1, 3.3, 4.3,
44,6.07,6.1, 8.1, 8.9-11.1 pm, calcium hydroxy-
apatite has only a moderate absorption peak at
2.81 pm and a strong absorption band from 8.9—
11.1 pm [38—42]. Studies of rabbit cortical bone by
FTIR-PAS have demonstrated the relative absor-
bance of wavelengths across the near to mid-IR
spectrum [26] and a similar FTIR-PAS spectral
analysis is presented in Figure 3. The calcium hy-
droxyapatite absorption at 2.81 pm seems to be
masked by water absorption but predominates at
wavelengths 8.9-11.1 pm.

The IR absorption spectrum observed for cor-
tical bone is consistent with the combined absorp-
tion characteristics of water, collagen, and the cal-
cium hydroxyapatites. Tissue removal by each of
the wavelengths selected for this study were com-
pared with each other, the IR absorption charac-
teristics of bone (Fig. 3), and to the optical absorp-
tion of each of the components of bone. In this
study, a single radiant exposure was used for each
wavelength; therefore, we are not able to evaluate
the variation of threshold exposure needed for
material removal or the heat of ablation for each
wavelength.

For the radiant exposure tested, results
show wavelength dependence of the ablation pro-
cess, with the deepest cuts observed between the
wavelengths of 6.1 to 6.45 pm where water and
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Fig. 4. Scanning electron photomicrograph (original magnification, 100x) view of cortical bone osteotomy sites demonstrates
the clean, precise cuts of the laser, accumulation of mineral crystals on some laser ablation surfaces, and the large amount of
accumulated debris at the bone saw cut site.

protein are especially good absorbers. Cut depth moved with wavelengths 8.9-9.2 pm where ab-
is less at the 3.0-um wavelength where water is sorption by the hydroxyapatites predominate.
an especially good absorber, but absorption by This finding indicates that crater depth does not
protein is lower. With the exception of the 5.8-um correlate with the combined absorption properties
wavelength, the least amount of tissue was re- of the components of cortical bone.
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Fig. 5. Scanning electron photomicrograph (original magnification, 1,000x) views of the walls of laser osteotomy sites dem-
onstrate a uniform surface of collagen tufts with varying degrees of melting, occasional intact crystals protruding from or
resting on the surface, and no evidence of microfissures. The size of the crystals observed on the surface of some samples were
approximately 10 pm wide and ranged from 20 to greater than 50 pm in length. The surface of the bone saw cut demonstrates
the smooth texture broken into slabs by multiple microfissures.

The cut depth in cortical bone vs. the optical
penetration depth of collagen (1/pa) for each
wavelength tested was plotted (Fig. 7). Except for
two outlying points corresponding to wavelengths

4.2 and 5.0 pm, there is excellent correlation be-
tween the depth achieved and the optical penetra-
tion depth of collagen. The relationship between
cut depth and the optical absorption of water and
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Fig. 6. Scanning electron photomicrograph (original magnification, 1,000x) view of cortical bone ablation by using FEL
wavelength 3.0 pum. The exposed collagen tufts on the surface of laser ablations display a more roughened appearance on the
bottom of the crater (left) and a smoother texture along the wall toward the top of the crater (right).

of calcium hydroxyapatite were examined and no
correlation was found. To a first approximation, it
appears that the degree of absorption by collagen,
the primary structural component of bone, is the
key determinant to the depth of cut. This finding
is consistent with soft-tissue studies for which in-
creased material removal has been demonstrated
where laser wavelengths that target the struc-
tural matrix of the tissue are used [43,44].

The observations of cut depth at the 4.2-,
5.0-, and 5.8-um wavelengths are not explained
by this study, and require additional investiga-
tion. The observations at 4.2- and 5.0-pm wave-
lengths demonstrate that ablation of bone can be
achieved where collagen, water, and calcium hy-
droxyapatite have poor optical absorption; how-
ever, a greater degree of collateral injury is ob-
served.

For all of the wavelengths evaluated, collat-
eral thermal injury of the laser ablation speci-
mens was equal to or less than that observed for
the bone saw. In almost all cases, the collateral
thermal change was limited to a zone of 10-20
pm. Only at the wavelengths of 2.9, 3.0, 4.2, 5.0,
5.8, and 9.2 wm did the collateral thermal injury

2.7 . ' -
o

24 | ° -
2.1
1.8
15

1.2 + .

Crater Depth (mm)

0.9 L

m

1

i 1 (
7

0 20 40 120 160

Collagen Optical Penetration Depth (um)

0.0

Fig. 7. Cut depth (millimeters) vs. optical penetration depth
of collagen (micrometers) at the corresponding wavelength
used to ablate cortical bone. With the exception of the two
outlying data points generated by the 4.2- and 5.0-um wave-
lengths, larger cut depths are achieved with radiation that is
absorbed well by collagen.

exceed 20 wm, and then only the 3.0-, 4.2-, and
5.0-pm wavelengths produced thermal injury that
approached 30 pm.

There is no strong correlation between the
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zone of collateral thermal injury and the optical
absorption characteristics of the principle compo-
nents of bone in the specimens of this study. As
demonstrated in Table 1, both wide and narrow
zones of thermal injury are observed at wave-
lengths for which water or collagen have weak or
strong absorption. Similarly, there is no correla-
tion between optical absorption of the mineral
component of bone and the observed collateral
thermal injury.

The wide variability in the amount of ther-
mal injury observed with the bone saw was attrib-
uted to heat generated by friction during the cut,
and retention of heat in the saw blade between
cuts. When using a bone saw, the generation of
heat and the need for continual cooling at the sur-
gical site are major concerns for orthopedic sur-
geons, and it seems that these problems may be
reduced or eliminated by use of a laser for abla-
tion.

Although a zone of empty lacunae adjacent
to the ablation crater has been reported previ-
ously for bone ablations by using the FEL at 3.0,
6.1, and 6.45 pm [26], this was not observed in the
specimens of this study. Although there may be
some decrease in the total number of lacunae that
contain cells adjacent to the ablation site, popu-
lated lacunae are present, and the distribution of
populated and unpopulated lacunae appear to be
no different than that observed for the bone saw
cut specimens.

The observation of char on limited areas of
some specimens at some wavelengths, but not
uniformly on the walls of cuts, suggests that this
char may not be a primary surface event, but the
deposition of superheated debris from the plume
back onto portions of the ablation surface. Wave-
lengths that produced deep cuts with minimal col-
lateral thermal injury without evidence of char
would be the most appropriate to select for fur-
ther study.

It is likely that the surface characteristics
observed on SEM examination at the base of the
cut are most representative of the effects of the
ablation event. With the equivalent of 30 macro-
pulses per spot, the surface changes observed
along the upper portion of the wall of the cut are
likely manifestations of both the ablation process
and the thermal and mechanical events resulting
from the repeated passage of hot ablation plumes.
This would explain the lack of correlation be-
tween the width of the zone of collateral thermal
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injury and the optical properties of bone and
would be consistent with observations on collat-
eral thermal injury reported for soft tissue [45].

Where crystals were observed on SEM ex-
amination, they were found on the upper third of
the ablation crater wall or on the crater lip. The
observed crystals are 2-3 orders of magnitude
larger than the apatite crystals associated with
bone. These observations suggest that the crys-
tals were produced after superheating and subse-
quent cooling and were deposited or formed on the
wall relative to passage of the ablation plume.

The SEM evaluation of the surface of the la-
ser cut specimens shows characteristics distinctly
different from the bone saw cuts, and these find-
ings can be attributed to differences in the mecha-
nisms of cutting bone in each case. The laser cuts
are uniformly suggestive of an explosive event,
where tissue has been ejected from the ablation
surface. The bone saw cuts, with slabs and mul-
tiple microfissures, are most typical of mechanical
shearing and suggests a less-stable postsurgical
surface.

Previous investigations of laser bone abla-
tion have reported a reduction of ablation effi-
ciency with increasing pulse intensity at an en-
ergy density where a bright flash is observed ema-
nating from the ablation site. Although the
constituents of this flash and the mechanism of its
production have been debated, its presence does
appear to attenuate the influence of successive
laser pulses directed at the same spot [6,15,19,
46—48]. To minimize the chances of pulse attenu-
ation, a pulse intensity was selected below the
threshold for induction of an observable flash, and
the computer controlled delivery system was used
to direct each successive macropulse to a different
segment of the ablation line.

Before the initiation of this study, we deter-
mined that the threshold for the induction of a
flash at the ablation site of rabbit cortical bone for
wavelengths 3.0, 6.1, and 6.45 pm was 96 J/cm?
(30 md/pulse, 200 pm spot diameter). To obtain
comparative ablations for this study, we selected
a single pulse intensity for use with all wave-
lengths. We chose the incident energy density of
72 J/em? (22.5 + 2.5 md/pulse, 200 pm spot diam-
eter) which would be well above the expected ab-
lation threshold to achieve maximal ablation for
each wavelength, but would avoid any interfer-
ence with ablation efficiency which might be ex-
perienced at higher energy densities.

Numerous studies of hard tissue (enamel,



432

dentin, and/or bone) ablation by using near to
mid-IR wavelengths have been reported [1-26,
46-50]. These studies have demonstrated that
hard tissue can be ablated by using near to mid-
IR wavelengths with adjacent thermal damage
limited to 10-20 pum when pulse durations be-
tween 0.1 and 200 ps are used. The influence of
pulse durations in the ns, s, and ms domains on
the ablation of hard tissue have been investigated
for several wavelengths in the near to mid-IR re-
gion, with the observation that ablation efficiency
is best achieved with pulse durations between 0.1
and 200 ps [5,6,46-48].

Wavelength dependence of hard tissue abla-
tions has been studied by comparison of ablations
within limited regions of the IR spectrum, includ-
ing 2.1-2.94 pm [16,25], 6.0-7.5 pm [49], and 9.6—
10.6 pm [5,6,46,47]. Some studies have compared
ablations made with wavelengths which are ab-
sorbed by different constituents of hard tissue.
With one exception, these studies are limited to
comparisons of erbium laser systems, where wa-
ter is a primary absorber of the wavelength gen-
erated, and CO, laser systems where mineral ab-
sorption predominates [12,24,48]. Although one
study makes a case for wavelength independence
in dentin [49], all of the reported studies do dem-
onstrate some differences between wavelengths
in hard tissue, and the body of information sug-
gests that wavelength dependence of ablation ef-
ficiency should be expected.

The study reported here is the first to com-
pare ablations across the near to mid-IR region by
using the same pulse structure and intensity,
with the intensity well above the ablation thresh-
old and a beam delivery procedure that minimizes
optical attenuation of successive macropulses.
Our observations are consistent with previous
conclusions that the ablation mechanism below
plasma threshold at these macropulse durations
is due to an explosive event resulting from water
vaporization in a confined space [6,15,18,24].
However, this study also demonstrates that the
ablation of bone is enhanced by targeted weaken-
ing of the protein matrix, which provides the me-
chanical confinement that must be overcome by
the expanding vapor pressure to achieve material
removal.

This study confirms that ablation of cortical
bone can be obtained with minimal collateral
thermal injury across the near to mid-IR spec-
trum; demonstrates that the cut depth correlates
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most strongly with the absorption properties of
collagen; and cut depth is least deep where the
absorption properties of the mineral component of
bone predominate. The ability to produce a 300—
400-pm-wide, 3.0-mm-deep, 6.6-mm-long ablation
in 33 seconds with less than 10 pum of collateral
thermal injury and no charring, indicates that use
of wavelengths in the 6.1 amide I to 6.45 pm am-
ide II region, with the pulse characteristics de-
scribed, should be useful for efficient cutting of
cortical bone. Characterization and comparison of
bone ablations by using 6.1 and 6.45 pm with this
pulse structure in an in vivo model followed by
healing studies are warranted.
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