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Ultrasonic determination of elastic properties in human craniofacial cortical bone is

Department of Biomedical Sciences, problematic because of a lack of information about the principal material axes, and

Baylor College of Dentistry, because the cortex is often thinner than in long bones. This study investigated solutions
A Member of The Texas A&M University System that permit reasonable determination of elastic properties in the human mandible. We
Health Science Center, tested whether ultrasonic velocities could be reliably measured in cylindrical samples of

Dallas, TX 75246 aluminum and mandibular bone, and the effects of reduced specimen thickness. Results

indicted that (1) varying shape had minimal effects on ultrasonic velocities or derived
elastic properties, and (2) ultrasonic velocities have relatively increased measurement
error as propagation distances decreased. The increased error in velocity measurements
of mandibular cortical specimens of less than 1.2 mm in thickness should be considered
when assessing the reliability of single measuremdm®I: 10.1115/1.1517567
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Introduction often modeled as orthotropic or transversely isotropic. These
structural patterns are thought to relate to the organization and

Studie_s of cortical_ bone e_Iastic pro_perties using mechan_ic% ientation of osteons and associated structures of the [NI1D
ultrasonic and nanoindentation techniques, have shown dlffg

X R L . Presumably, variations in these structures result in variations in
ences between species, between individuals and within an in fasti - ;
b . o - : astic properties at this level.

vidual, that relate to bone mineralization, quality and functiona

: ; . ) The pulse transmission ultrasonic technique is most useful for
adaptation[1,2]. Likewise, studies have suggested that accurajq |eve| study of material properties of the craniofacial skeleton

regional elastic properties are essential in understanding the Mgz, se it is non-destructive, and allows three-dimensional ortho-
chanical effects of skeletal pathologies, like osteoporosis or ostgs,ic characterization within a singie-vitro bone organ. The
petrosis3-5]. Elastic properties are also necessary to refine finifgasonic technique also allows examination of regional varia-
element models to better approximate in vivo patterns of stregsng within a bone organ and repeated measures of the same
ano_l s_tram[G,?]. An underst_andlng of reglon_al and 'nt.erSpec.'f"‘specimen. The majority of published studies have been limited to
variations in elastic properties may also be important in elucidgfng pones. Several human and a few animal bones, including the
ing potential cellular and tissue-level mechanisms underlying agmyr, tibia, humerus and phalanx, have been characteize
aptation of the skeleton. o _ . These studies in long bones used 5.0 mm cuhezahedronsor

Measurement of elastic properties in the cranial skeleton is 8fgx 5.0x 3.0 mm  bricks (rectangular parallelepipedf bone
interest because of the unique function and structure of the variqysh two opposing corners trimmed to allow measurement of ul-
bones of the skull, and the unique clinical problems associatggsonic velocities at a 45° angle to the orthogonal f4ekl,12.
with the_'m. For Instance, attempts to understand stress patterng$hles [13] has extended this method with higher frequency
the facial skeleton using experimental or modeling approach@gnsducers to measure elastic properties in the cortex of the long
have been limited by a lack of information on cortical elastigones of rats, where single dimensions of a cortical specimen may
properties[8,9]. Likewise, efforts to understand the biologic anthe |ess than 1.0 mm.
mechanical effects of dental disorders, such as edentulationThis type of specimen preparation is appropriate in the diaphy-
which results in a significant loss of skeletal structure and mases of long bones because it is reasonable to assume that the axis
have largely ignored potential changes in elastic properties agflmaximum stiffness approximates the longitudinal anatomical
their mechanical significance. _ _ axis of a whole bond14—17. Preliminary investigations have

The hierarchical structure of cortical bone necessitates a cleRimonstrated that for craniofacial cortical bone, the orientation of
definition of scale in studies of elastic properties. Here, we afRe axis of maximum stiffness is not easily determined from
concerned with tissue-level elastic properties at what A8t whole bone geometrf18,19. Therefore, determination of elastic
has called the middle intermediate organizatiiO). In concert properties in the craniofacial skeleton is difficult with current
with the overall gross shape of a skeletal organ, this is the leveltathniques becaugé) the principal axes are not know(®) the
which cortical bone functions in resisting functional loads. In cofgortex is sometimes quite thitess than 1.0 min and(3) speci-
tical bone, the MIO includes primary and secondary osteons, figen collection is sometimes compromised by constrictive geom-
sorption spaces, circumferential lamellae, the vascular netwogfries that do not provide a flat cortical surface of sufficient size
and the innervation. The three dimensional structure of the MIO[ig8—21]. Because of these problems, few sites in the skull have
been adequately characteriZ&?—-25.
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At 20° “off-axis,” measurement error increased 3-fold to abou 2
4% and 18% respectively. Therefore, regional variations in tt
orientation of the principal axes within the craniofacial skeleto

[16,17], as well as regional variations in postcranial bones like tt
femur[20], may strongly impact elastic property calculations. 3

To modify specimen preparation for the craniofacial skeletol ey
we used a 4.0 mm inner diameter trephine burr to harvest cortic ‘
bone with a uniform cylindrical shagéd.9,26,27. This technique
offered considerably less wastage of cortex than the standard tez 1 1
nigue of machining brick specimens, and allowed for principal, ) ] ]
axes determination, as described subsequently. Also, the smafilgy 1 Coordinate axes of the three different shapes of speci-
cortical surface of the cylindrical fadd.0 mm in diametey com- MeNS: brick, trimmed brick and cylindrical. Direction 1 is the
pared to a cubic face of 5.0 mm on a side, reduced diﬁicultigs’izc'men thickness. Direction 2 is the assumed axis of mini-

. . ', rum velocity (or stiffness ) within the plane of the cortical plate

associated with complex surface topographies, as most cortigalj direction 3 is the assumed axis of maximum velocity (or

regions of the cranial skeleton offered flat or nearly flat topogratifiness ) within the plane of the cortical plate. The brick speci-
phies at this specimen size. men (left) was used for aluminum specimens, which are homo-
This study validates a modification of the pulse transmissiareneous and do not have differences in elastic properties by
ultrasonic technique that addresses the unknown orientationsdgéction. In the trimmed brick mandibular specimens (center),
the axis of maximum stiffness of craniofacial cortical bone, an@aterial axes were based on anatomical coordinates. In the cy-
the more occasional problems associated with a thin cortex affyfirical mandibular specimens, directions 2 and 3 represent
complex cortical topology. In so doing, we present empirical daf§2te"i@/ axes based on anatomical coordinates while direc-
about ultrasonic velocities in cortical bone from the human mafio"s 2~ and 3" were determined ultrasonically.
dible, the human femur, and aluminum phantoms, in order to de-

termine the impact of specimen orientation, size, and shape for

ultrasonically estimating elastic properties in craniofacial corticgle|| known that embalming will have a small effect on elastic
bone. _ ﬁégperties of bone in mechanical tef29], little is known about
While the ultrasonic tests used samples from throughout thes effect on ultrasonic velocities. This concern was not consid-
cortical surface of human mandibles, we also calculated elasigaq relevant as elastic properties were not calculated for the
constants for cortical specimens of different shapes from a mgggnoral specimens, and embalming will not alter the basic ortho-
limited anatomical region, the anterior portion of the mand'b“?tropic nature of the material.
This region was chosen because the bone is relatively homogeTyyo rough cortical bone strips were removed from the anterior
neous in density and yet has a large range of cortical thicknesggss of the femoral shaft using a 702 dental burr and a handpiece.
ranging from some of the thickest bone in the mandfletero- A ynimat miniature lathe with grinding wheels smoothed the op-
inferior borde)_ to some_of th_e thlnneignterosuperlorly near the posing bone faces to produce blocks of equilateral widths of ap-
aIvepIar mar_glm [28]. Likewise, the_ orientations of the axes Ofproximately 5.0 mm. Using the Isomet low speed saw, the blocks
maximum stiffness cannot be easily determined based on grggsye then sectioned into bricks €\97) ranging in thickness from
anatomical shape. ) 0.2—12.0 mm. If necessary, opposing surfaces were modified with
Our objectives were to evaluate the effects of measuring ultrg-grinding wheel to remove any minor inconsistencies between
sonic velocity (1) when varying specimen thicknes&) when  {he two faces and to assure parallel faces, which were assessed
varying specimen thickness perpendiculat right anglesto the yith calipers and by eye during preparation.
direction of ultrasound propagation, af@®} when varying shape,  Ten unembalmed frozen dentate mandibles provided cortical
specifically a cylindrical compared to a cubic or brick shape. \A%[Lnders (N=600) with a 4.0 mm diameter and ranging in thick-
further tested specimen shape effects by comparing the elas$fiss from 0.6—6.0 mm. Specimens were from different regions

properties of cortical bone from the anterior mandible that wekgoughout the entire cortex of the mandible and exhibited more
calculated from ultrasonic velocities measured(tntraditional 5riation in local cortical topographies and presumed functions

trimmed brick specimens an@) cylindrical specimens. than our femoral sample. Regional variation among the mandibu-
lar specimens is described elsewhg28]. Bone cylinders were
Materials and Methods removed from the facial and lingual cortices with a trephine burr
(Nobel-Pharma A Unimat miniature lathe with grinding wheels
Specimen Preparation removed visible cancellous bone and modified, if necessary, the

cortical surfaces to make them parallel. All bone samples were

tqred in a solution of 95% ethanol and isotonic saline in equal
portions, which maintains ultrasonically determined cortical

b&ne elastic properties over time with minimal chah2@,30,31.

To Study the Effects of Varying Thicknes3he effect of vary-
ing thickness was evaluated using three materials: solid, extru
aluminum rounds(aluminum 6061-T651)1 femoral bone, and
mandibular bone. The aluminum phantoms tested the effects
varying thickness on a homogeneous material. Femoral bon€lo Study the Effects of Varying Shapé&his experiment with
specimens were taken from a common orientation in the antereluminum bars and rounds assessed the impact of surface shape
aspect of a single femur to allow evaluation of an orthotropion measurements of ultrasonic velocities. We used a homoge-
material with less material variation than that found in the diverseeous rather than an orthotropic material to eliminate the effects
sample of mandibular specimens. The mandibular bone was @draccurately determining the material axes prior to ultrasonic
tissue of interest and the cortical specimens had much greatezasurement and so that the effects of surface curvature could be
variability in ultrasonic velocities than the aluminum or femoraisolated. Three different aluminum shapes were evaludigd 1).
bone samples. The first group consisted of 36 cylindrical aluminum specimens

Aluminum rounds were cut with an Buehler Isomet low speedith diameters from 1.0-12.0 mm at 1.0 mm incremetitsee
saw and hand polished to produce metal specimens I35) specimens per diamejemwhich were prepared with a Sherline
ranging in thickness from 0.2-12.0 mm. These samples had4400 lathe. The second and third groups included brick 88)
homogeneous character and a constant diameter of 6.4 mm. and trimmed brick (N-30) aluminum samples prepared with a

A femoral diaphysis was harvested from a 71 year old engherline 2000 mill and ranged in width from 1.0-12.0 mm at 1.0
balmed Caucasian adult male cadaver. Documented medical msn incrementgthree specimens per widthThe trimmed brick
tory did not demonstrate a history of bone disease. Although it gsoup excluded specimens with widths of 1.0 mm or 2.0 mm due
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longitudinal axig, and through both the radial direction
(periosteal-endosteal directiprand the circumferential direction.
For mandibular samples, velocities were measured through the
thickness of the cortical platéperiosteal-endosteal directipn
through which cortical thickness varied, and through the direction
of maximum and minimum stiffness parallel to the plane of the
cortical plate. In the 600 mandibular specimens used for the thick-
ness experiments, we determined the directions of maximum and
minimum stiffness by rotating each cylindrical specimen between
the longitudinal ultrasonic transducers at 22.5° increments from 0°
to 180°. Ultrasonic velocity measurements at these angles showed
the axes of maximunthighest velocity and minimum (lowest
velocity) stiffness. These two velocities were at or near 90° to
each other confirming orthotrogd8].

For the 40 cylindrical and 40 trimmed brick specimens from the
anterior mandible, we measured longitudinal and ultrasonic ve-
locities along the principal axes of the specimens and at 45° to the
principal axes, according to the technique of Ashman efldll

Fig. 2 Anterior mandibular sites for comparison of trimmed

brick and cylindrical cortical specimens. These sites were cho- for determining technical constants from densities and ultrasonic
sen because of similarities between them in elastic properties velocities in cortical bone specimens. We determined axes of
and density. The data from the four sites were combined for maximum and minimum velocitystiffness within the plane of

this study. the cortical plate for the cylindrical specimens by rotating the

specimens between longitudinal ultrasonic transducers, as dis-

cussed above. We used anatomical structure to determine the prin-
to difficulties accurately trimming corners in these small met&liPal axes for the trimmed brick specimens. The axis of maximum
specimens. The trimmed brick specimens were used to ass%t_éfgness was orl_ented pa_rallel to_the inferior border qf the_ man-
whether cubes or bricks with two opposite corners removed wouléPle and the axis of minimum stiffness was 90° to this axis and
have similar ultrasonic velocities as cylindrical and squar@iented inferosuperiorly or circumferentially.
samp|es at different Specimen sizes. An Isomet saw cut all Speci.U'traSOI']iC velocities were calculated by d|V|d|ng the distance of
mens at a constant thickness of 3.0 mm. wave transmissiofspecimen thickness, width, or diametby the

We also examined the effects of specimen shape on calculagfparent time delay minus the constant system time delay. Ultra-

elastic properties from a limited sample of cortical bone spectonic wavelengths were calculated by dividing average velocity
mens from the anterior mandible. Two different mandibular bortey the transducer frequency. Wavelength was indicated on the
shapes were evaluated, cylindrical €40) and trimmed brick figures by a vertical line to assess whether specimen dimensions
(N=40) bone samplegFig. 1). Four anterior mandibular sites of less than wavelength in the various considered directions had
from the buccal cortexFig. 2), including mid-body and inferior any impact on the measured velocities. Specimen dimensions of
border sites at both the symphysis and just anterior to the menitads than wavelength may produce bar wave velocities, which are
foramen, were harvested from twenty unembalmed frozen cadawgss than the expected bulk wave velocities. However, the effect of
heads. These four sites were selected because of overall similagiécimen shape on bar wave production is not clear. Typically, bar
of the elastic moduli among them. Results from these specimefgves are produced in long thin specimens where the transverse
are pooled in this investigation. We have reported the results Binensions are less than wavelenfjfiL2,13. For cranial bone,
site elsewherg28]. Trimmed brick specimens were from ten mangortical thickness may be less than wavelength for the thinnest
dibles with dental conditions ranging from partiall§ teeth to  gpecimens if the transducers are in the 2.25-5.0 MHz range. Thus,
fully (14 teeth dentate, and ranged in thickness from 0.9—4.4 Mo qata allowed a test for this effect.
with widths ranging from 2.1-7.6 mm. Cylindrical specimens g|agiic technical constants and other material properties are pre-
were from the remaining ten mandibles, each with at least 1204 only for the mandibular specimens. Moist weights were
teeth, and ranged in thickness from 0.6—-6.0 mm with a OII""me$tained on a Mettler PM460 analytical balance, and submerged
of 4.0 mm. The principal axis of stiffness was determined for ea kights obtained with the Mettler suspension gig, reading to the

cylindrical specimen prior to material property analysis, as d?fearest 0.01 g. Apparent density calculations were based on

scribed in the next section. Specimen thickness was the thiCkn(Asrghimede’s rinciole of buo 1 F ) densi-
of the cortical plate. . princip yancyL1]. For comparison, denst
ties were determined for the femoral specimens. Using Excel

Ultrasonic Velocity Determination for all Specimens. A spreadsheets with Mathcad macros, elastic moduli and shear
Max-Cal digital caliper verified the dimensions of each specimenoduli were calculated from the each specimen’s dimensions, ul-
to the nearest 0.1 mm. Material property testing used the pulsasonic velocities, and apparent densit].
transmission ultrasonic technique, performed with a Hewlett- . o
Packard pulse generator, two mounted piezoelectric transducer&n@lysis. Data was stored in Microsoft EXCEL spreadsheets
(2.25 MHz longitudinal, Panametrics V323-SU and 5.0 MH&Nd analyzed using the Minitab statistical analysis program.
shear, Panametrics V156-RMand an oscilloscopéTektronix ~Graphs of time versus distance and velocity versus distance were
TDS 420 [28]. plotted for each material and transducer combination, and corre-

Longitudinal and transverse ultrasonic waves were propagaté#on coefficients were calculated where appropriate. Coefficients
through specific directions of each specin{&ig. 1). The thick- Of variation(CV), which is the standard deviation of the residuals
ness experiments assessed the effects of varying specimen thigkfropagation time expressed as a percentage of the mean propa-
ness on ultrasonic velocities through both the direction of varyir@gtion time, were calculated for each regression line. Differences
thickness and perpendicular to this direction. Thus for the alumiere tested1) among the velocities in the aluminum samples by
num rounds of varying thicknesses, ultrasonic velocities weghape and size through the use of two-way analysis of variance,
measured through either the specimen thickness or diameter. E)rbetween the elastic properties for the cylindrical and trimmed
the femur, velocities were measured through the axis of the spdaiick mandibular bone samples with one-way analysis of vari-
men through which the thickness vari¢garallel to the bone’'s ance, and3) between mandibular and femoral longitudinal ultra-
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sonic velocities by two-way analysis of varian@®ne and direc- The most prominent deviation was the reduction in velocities in
tion). Posthoc Tukey tests were used to compare individual groughe aluminum specimens when specimen thickness perpendicular

were appropriate. to the direction of ultrasonic wave propagation was less than 1.5
mm. A similar deviation was not found for transverse waves in
Results aluminum. In femoral specimens, a slight decline in longitudinal

Effects of Varving Propadation Distance. Lonaitudinal and and transverse velocities was found in specimens less than 0.5
ying pag X 9 mm in thickness. In mandibular specimens, a clear decline was

transverse ultrasonic time delays in all materials were highly €Ot evident due to the greater variability, although the smallest

related with propagation distance at-R.96 (Fig. 3). As indicated ecimeng0.6-1.2 mm had velocities Ies’s than the meé

by the larger CVs, the cortical mandibular sample had relativer%i : : 9.

greater scatter or heterogeneity, that coincided with the dive

provenance of these specimens from 10 cadavers at multiple sitegffects of Varying Aluminum Shapes. Longitudinal and

throughout the mandible. _ o _ transverse time delays for brick, trimmed brick or cylindrical alu-
Longitudinal and transverse ultrasonic velocities in all materialginum specimens were highly correlated with varying propaga-

were constant throughout the varying propagation distafes  tion distances or widths of the specimens{&999) (Fig. 6). The

4). However, variation in the calculated velocities increased at thg,ag of the lines for each of the three shapes passed through the

smallest propagation distances and this variation was the largesgatin and were not significantly different from each other. The

propagation distances of less than 1.0 mm. Overall, more variatigp,i ot gata(Fig. 6) revealed overlap of the data points and lines
at small propagation distances in aluminum and femoral bone th that each group could not be distinguished.

{he 5.0 Miiz traneverse wave ransducers, The relatve inereass,Ye10ciies showed difierences by specimen width propaga-

: h . i T\ distance (Fig. 6), which were significant as assessed with
scatter appeared less for mandibular cortical bone, but more sma Blysis of variance (£0.05). Posthoc Tukey tests revealed that
specimens as well as the smallest specimens were in the alupi- ySIS e y . S

ese differences were primarily due to the decrease in longitudi-
num and femoral bone samples. e . . .
nal velocities for specimens of 1.0 and 2.0 mm in cross-section,
Effects of Varying Specimen Thickness at Right Angles to and an increase in transverse velocities for specimens of 1.0 mm
the Direction of Ultrasound Propagation. Longitudinal and dimension. When these smaller specimens were removed there
transverse ultrasonic velocities in all materials were constanere no significant differences between shapes and iabde 1,
throughout most of the range of specimen thicknessés. 5. Fig. 6).

Longitudinal Ultrasound Transverse Ultrasound
1CV=3.48% R=0999] |cv=3.99% R=0.999
T a
2F E
1 | |
+=2 80mm A. Aluminum : 0 65mm B. Aluminum
0 :CV=I2.'62% R=0.999 | |CV=3.04% R=0.999

Time (usec)
N

1 -
13=1.81mm C. Femur - =0.42mm D. Femur
0 1CV=6.15% R=0.983 | |Cv=0.48% R=0.961
: :
S :
I 1
I |
2r L !
! 1 B 3
| ot i | caly SEE
1+ ' :
- »=1.49mm E. Mandible : 3=0.36mm F. Mandible
0 1 1 1 | 1 1 | 1 L 1 1 1 | 1 1 | | 1 1 | 1 1
012345867 8 911101234586 7 8 9101112
Distance (mm)
Fig. 3 Longitudinal and transverse wave propagation times versus distances for aluminum (A&B), femoral

bone (C&D), and human mandibular bone (E&F). R values and coefficients of variation (CV) are presented on
the graph. Mean wavelength is indicated by a dashed vertical line.
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Fig. 4 Longitudinal and transverse ultrasonic velocities through varying specimen thicknesses for aluminum
(A&B), femoral bone (C&D), and human mandibular bone (E&F). Samples correspond to those illustrated in
Fig. 3. Mean wavelength is indicated by a dashed vertical line. Mean velocity is indicated by the solid horizontal
line.

Ultrasonic Velocities and Material Properties in Brick and tion. Maximum velocities in the plane of the cortical plate were
Cylindrical Mandibular Specimens. Longitudinal ultrasonic larger than minimum velocities in this plane, which in turn were
velocities were significantly different only between cylindricalarger than velocities through the thickness of the cortical plate
specimens in the direction of maximum stiffness and trimmedangentially. In the femur, the average maximum velocity in the
brick specimens along the long axis of the mandible in the prplane of the cortical plate was significantly larger than the average
sumed direction of maximum stiffne¢3able 2. No significant velocities in the other two directions, which did not differ signifi-
differences were found for transverse velocities. For calculatedntly from each other.
technical constants, only the shear modulus in the plane of theVelocities were more variable in the mandibular samples as
cortical plate showed a significant difference between shapeslicated by the higher standard deviations than in the femoral
(Table 3. However, the absolute difference between the meaamples. This variation was paralleled by greater variability in
longitudinal velocities <3%) or between the mean shear modulimandibular densities. In the mandible, densities ranged from
(<7%) for these two shapes was small, and both shapes had ri&1—2.18 grams/cin(mean=1.94,SD=0.11), while in the fe-
terial properties comparable to published d@able 3. mur, densities ranged from 2.05-2.07 grams/cifmean

In the cylindrical specimens, the average orientation of maxi=2.06,SBD=0.01).
mum stiffness deviated from the longitudinal anatomical axis of
the mandible but this deviation was not large. Overall, the medhscussion
axis of maximum stiffness was 14° (S24.7°) clockwise from

the occlusal plane and was oriented slightly from the inferoante- Eff€cts of Varying Shapes on Material Properties. One of
rior to the superoposterior. the more critical aspects of using the pulse transmission technique

to estimate orthotropic material properties in cortical bone at an
Comparisons of Longitudinal Ultrasonic Velocities in Man- MIO level is a reasonable determination of the principal axes.
dibular and Femoral Specimens. Longitudinal ultrasonic ve- Yoon and KatZ32], using the pulse transmission technique with
locities through the thickness of the cortical plate were signifinultiple cubic specimens, demonstrate an angular dependence of
cantly higher in the femoral sample than in the total mandibulanaterial properties for different regions of the human femoral
sample(Table 4. These were no significant differences betweehbone. They verify that the principal material axis of the femur is
the mandible and femur for either the minimum or the maximumear the long axis and suggest that the arrangement of collagen
velocity in the plane of the cortical plate. fibers reinforces this orientation. Later, using the pulse-echo tech-
In the mandible, a comparison of velocities among the thregque, this angular dependence is shown to change between nor-
orientations showed significant differences between each direwsal, osteoporotic, and osteopetrotic b¢86]. When using reflec-
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Fig. 5 Longitudinal and transverse ultrasonic velocities perpendicular to the direction of varying specimen
thicknesses for aluminum  (A&B), femoral bone (C&D), and human mandibular bone (E&F). Samples corre-
spond to those illustrated in Figures 3&4 but velocities are measured along different axes. Mean wavelength is
indicated by a dashed vertical line. Mean velocity is indicated by the solid horizontal line.

tive ultrasound, the periodic behavior of cortical specimens is alpdot studies in the mandiblgl8,19 also suggest that comparable
readily apparent and determined from the two orthogonal facesedfistic properties to those of conventional specini@@$ can be
the specimen. Antich et aJ21] demonstrate this behavior with measured using cylindrical specimens.
cylindrical specimens of seven metals, acetal plastic, acrylic resin In this study, the maximum difference between trimmed brick
and cubic specimens of human femoral cortex. Mehta g2&]. and cylindrical mandibular bone specimens was 1.7% for elastic
demonstrate that the angular dependence of material propertiem@uli and 6.5% for shear moduli. There were two potential
due to organic matrix organization as well as the mineral compseurces for this difference. First, bone was collected from differ-
nents. In sum, these studies suggest material orthotropy in cortieat sets of cadavers, with each set varying in the completeness of
bone at an MIO level and the importance of defining material axéise dentition. Of more relevance to the current investigation, the
as part of quantifying elastic properties. Information on the oriemrientation of the average axes of maximum and minimum veloc-
tation of material axes is especially important for studies of réty (stiffness in the plane of the cortical plate varied 14° between
gional differences and to approach questions relating bone funice two shapes, since the axis of maximum stiffness for the brick
tion to bone adaptation and growth. specimens was assumed to be parallel to the long axis of
Even though cortical bone is suggested to be best modeledtlas mandible but was determined ultrasonically for cylindrical
an orthotropic composite at the MIO levil1,13,15,22,2few  specimens.
studies confirm the orientation of the material axes or have inves-Our results showed a small but statistically significant increase
tigated the impact of inadequate predictions of these axes on thdongitudinal velocity along the axis of maximum stiffness when
calculation of material properties. Carf@3], in an unpublished velocity was measured in the appropriate orientation. We suspect
dissertation, approaches this problem by using cortical bone frdhat the lack of a greater absolute difference and the lack of sig-
4 edentulous or partially dentate mandibles. He identifies the axigicant differences between shapes in other longitudinal and
of maximum stiffness by measuring ultrasonic velocities arourtdansverse velocities within the plane of the cortical plate relates
the perimeter of “coin-shaped” specimens in a method similar ttm the small average angular differences between the two sets of
that described here. A comparison of the elastic properties of B@andibular samples and the variability inherent to such cross-
“coin-shaped” bone specimens and 39 conventional brick speaectional samples.
mens shows similar values. However, no statistical tests wereThe differences in elastic properties between our brick and cy-
done and the samples were diverse, coming from throughout fiverical specimens correspond with the findings of Turner and
mandibular body and ramus. Carter concludes that this technigDewin [20]. In a theoretical analysis, they predict errors in elastic
could be implemented in the study of pelvic or skull bones. Ounoduli of 1.3% and shear moduli of 5.0% when velocity is mea-
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Fig. 6 Longitudinal and transverse propagation times versus distance (upper figures ) and corresponding
ultrasonic velocities  (lower figures ) through brick, trimmed brick and cylindrical aluminum specimens of vary-

ing widths (propagation distances ). Symbols represent brick (), trimmed brick (A) and cylindrical () speci-
mens, although the data points overlap to such a degree that it is difficult to discriminate individual shapes.
Changing the shape of the specimen did not affect either the longitudinal or transverse velocities, although
velocities were reduced in the smallest specimens.

sured at 10° “off-axis.” This error increases to 4% and 18% realso have an effect. The mandibular studies suggest that these
spectively when velocity is measured at 20° “off-axis.” We foundoroblems are not a concern. However, a more direct test in a
no statistically significant differences between the elastic modiiomogenous material with less potential interspecimen and inter-
of the two mandibular samples of varying shape. However, thisdérectional variability would provide further information. We
not surprising given the small differences predicted by Turner amelsted the impact of shape variation in a sample of homogenous
Cowin[20] and the variability in our samples. However, our findaluminum phantoms. At each width, the brick, trimmed brick and
ing of a significant difference between the two shapes in the awylindrical aluminum specimens did not differ, alleviating our
erage shear modulus in the plane of the cortical plate validates ttmncerns about the effects of specimen shape. However, size was
theoretical prediction. a factor as specimens of 1.0 and 2.0 mm cross-sectional dimen-
The use of cylindrical specimens is critical in the analysis afion had reduced longitudinal velocities, and specimens of 1.0
material properties of craniofacial cortical bone because this teahm dimension had increased transverse velocities. If the alumi-
nique does not assume prior knowledge of material orientation mum shapes were confined to widths of 3.0 mm or gre@oegi-
the plane of the cortical plate. We were concerned that the cuntadinal) or 2.0 or greateftransversg there were no significant
ture of a cylindrical surface by altering the area of contact belifferences in velocities. Effects on other ultrasonic properties,
tween the transducers and the test specimen might affect the alleh as attenuation, are possible but were not investigated.
trasonic propagation. Further, it was not clear whether the There are several possible explanations for the differences in
variation in shape itself, especially in small specimens, might neamples of the small specimens. The most important is likely to be

Table 1 Average velocities (m/sec) of aluminum specimens of varying shape

Brick Trimmed brick Cylindrical
Mean SD Mean SD Mean SD F P
Longitudinal: 6188 93 6207 62 6206 92 0.2 NS
Transverse: 3207 68 3241 97 3213 81 1.4 NS
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Table 2 Average velocities (m/sec) of mandibular specimens of varying shape from the ante-
rior mandible

Trimmed brick Cylindrical

Velocity Mean SD Mean SD F P

Longitudinal: v, 3.02 0.19 3.08 0.15 2.7 NS
Longitudinal: v, 3.32 0.16 3.35 0.13 11 NS
Longitudinal: 3 4.02 0.17 4.13 0.22 55 0.02
Transverse: ¥ 1.70 0.08 1.70 0.15 0.1 NS
Transverse: 1.75 0.11 1.74 0.13 0.1 NS
Transverse: % 1.41 0.09 1.41 0.11 0.1 NS
Transverse: y 1.54 0.07 1.52 0.09 0.4 NS
Transverse: 3 1.86 0.06 1.87 0.11 1.7 NS
Transverse: y 1.90 0.07 1.89 0.11 0.2 NS

Maximum (w3 and minimum (y,) longitudinal velocities parallel to the plane of the cortical plate vary in orientation in the
cylindrical specimens. These orientations were determined ultrasonically as explained in the text. In the trimmed brick speci-
mens, ¥, and w3 were assumed to be aligned with anatomical axes so $hatas oriented circumferentially andwas along

the long axis of the mandible. Tangential velocity {fwas through the thickness of the cortical plétertical thicknessin all
specimens. Directions of transverse velocities are indicated by two subscripts. The first subscript indicates the direction of wave
propagation and the second subscript indicates the direction of wave oscillation. As for longitudinal waves, 1 is the direction of
maximum velocity in the plane of the cortical plate, 2 is the direction of minimum velocity in the plane of the cortical plate, and

3 is tangential in the direction through the width of the cortical plate.

the greater difficulty in measuring these specimens and thus inEffects of Varying Thickness

creased error. This is probably the reason for the difference in the

transverse velocities for the 1.0 mm specimens. It is possible t aFﬁ”eCtS thr?Iletlh to Virylrt]g Tthk::ehssx/elocmefstr\:ve;ﬁ. sliable
the difference in the longitudinal velocities represents the effe all materials throughout most ot the range ot the thicknesses,

of a conversion from bulk to bar waves, as these specimens w onstrating that accurate measurements can be made from most

longer (3.0 mm than their width(.0 or 2.0 mr, and their width Specimens despite variations in si#g. 4). However, increased

was less than wavelength. But unlike a traditional bar wave tegf’,‘r'ab'“ty in velocity was found in thinner specimens. This in-

ultrasonic propagation was through the cross-section of the spectfﬁal?e is due to the elffects Olf m_easuremderfn errorls on rlatlos at
mens rather than along its length. But it is interesting to note thaft'a SPECIMEN SIz€es. In our aluminum and ieémoral samples, re-
a similar reduction in longitudinal velocity was found in alumi-s'duals of time about the regression line of wave propagation time

num specimens in our experiments in which thickness was Va?ggrgus distanceFig. 3), were similar throughout the sizgropa-
ing in cylindrical specimens of standard diameigee Discussion ation distancrange of the Sfe?mp'?s- Th'TQ' error |s_proport|o_nately
below and Fig. & !arger for the smallest vel_omtle(satl(_)_of c_ilstance/tlm)sres_,ultlng
in larger errors in calculating velocities in smaller specimens.
Most of our samples showed a large increase in error near 1.0
mm propagation distance. This distance did not have any consis-

Table 3 Average elastic and shear moduli  (in GPa) of man-  tent relationship to wavelength, suggesting that this factor is un-

dibular specimens of varying shape important for measuring velocities through thin specimens. The
= = —— increase in error increases exponentially as propagation distances
Dechow et al., 1992 Trimmed brick  Cylindrical decrease, and could be modeled individually for each material and
Mean SD Mean SD Mean SD F p type of wave, which would statistically describe the variations in
error illustrated in Fig. 4.
E; ﬁ:g %i’ %; %:g %ég %:g 8:% Ng Kohles et al[13] extends the techniques of Ashman et[al]
Es 20.5 4.6 20.8 31 205 4.2 0.1 NS foruseinratlong bones. They use methods similar to those de-
glz 2-3 8-g‘r ‘512 8-2 g-g 8-2 ﬂ Ng scribed here to test the reliability of ultrasonic velocity measure-
o ) ) ) ) _ . ) . . :
G 62 os 61 06 68 09 41 005 ments in small specimens. They show strong correlations between

propagation time and distance for bone and several homogenous
Rolymeric materials down to propagation distances of 0.4 (nm

rat bong. They do not show plots of velocity by propagation
distance, so it is not possible to detect an increase in error for
Table 4  Average longitudinal velocities  (m/sec) of mandibular  small specimen sizes as in our study, but we suspect that a similar
and femoral specimens tendency would be found. Comparing our CVs with theirs shows
that our aluminum sample has more error than their polymeric

For elastic moduli, subscripts indicate directions as in Table 2. For shear moduli,
subscripts indicate the plane described by the two directions.

Mandible Femur samples as our values of 3.48%ngitudina) and 3.99%(trans-
Velocity Mean Sh Mean Sb Sig  verse are larger than their values, which range from 0.44% to
Vi, 3089 175 3513 100 * 1_.99%. Be_cause of the homogeneity of aluminum, we were ini-
Voo 3457 172 3512 100 - tially surprised at the greater error. However, repeated measure-
Va3 4107 186 4073 105 - ments gave similar results, and closer examination of our speci-
g:g. xll xz Vo2 - " mens revealed more surface flaws, compared to our femoral
9 Vi1 V3. Va3 o - specimens, although both were cut in a similar manner on a Bue-

Sig. Vo, VS. Va3 .
hler slow speed saw, and the aluminum samples were also pol-

Maximum (\s3) and minimum (y,) longitudinal velocities parallel to the plane of ished to reduce surface imperfection. o
the cortical plate vary in orientation in the mandibular specimens. These orientationsThe CV of our human femoral sampléongitudinal: 2.62%;

were determined ultrasonically as explained in the text. In the femoral specimgns, transverse: 3.04%is lower than that found by Kohles et 4lL3]
and 43 were assumed to be aligned with anatomical axes so thavas oriented in rat femur(longitudinal: 2.91%: transverse: 6.65,%1dicating

circumferentially and y; was along the long axis of the femur. Tangential velocity, K .
(vi9) was through the thickness of the cortical pldortical thicknesk in all less error. This difference may be because our bone was taken

specimens* indicates significant difference with posthoc Tukey test atOF05. from a single human femur, while the rat bone was from 10 indi-
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viduals. The CVs of our mandibular samglengitudinal: 6.15%; stable bar wave. The low sample size of 27 specimens does not
transverse: 9.48%oare larger than in the human or rat femursllow easy determination of the initial point of decline which
indicating the greater variation among the diverse anatomical loeuld occur anywhere between 10—20 mm. The low end of the
cations in the 10 human mandiblg23]. curve is only defined by 5 specimens between 5-10 mm thick.
Our results supported, but also added further details to Ashman’s
findings for human femoral bone. Our larger data set showed only
slight decline between 7—15 mm thickness from 3500 m/sec to
350 mm/sec. Between 3—-7 mm, velocity declined to about 3200
/sec. Similar to aluminum, these results indicate that velocities
do not have a significant decline until the cross-sectional dimen-

wavelength. If so, measurements of velocities within the plane
the cortical platgperpendicular to cortical thicknesmay be re-
duced in magnitude as the longitudinal ultrasonic wave transitio RN is about one half of wavelength

from a bulk wave to a bar wave. The computational techniques OAs noted previously, it was difficﬁlt to note a trend for de-

derive the orthotropic technical constants require bulk wave ngeased longitudinal velocities for our mandibular specimens at

locities [1.1]' E’Ulk wave propagation refers to the. situation Ok 4| cross-sectional dimensions because of the greater inherent
wave motion in an infinite medium where the wave is not affecte\d:

: . variability. If half of wavelength is used as a reasonable criterion
by the edges of the specimen. Bar or guided wave propagatip 1o jower end of bulk wave velocities, this would include
refers to the situation in which the ultrasonic wavelength is MUGR, i o specimens of less than 0.915 mm in thickness. Out of
larger than the cross-sectional dimension and the longitudinal total mandibular sample of 600, only four specimens were this
transverse waves can be coupled, attenuated and dispersed afithe
edges of the specimen. It is well known that ultrasonic velocities
measured in bar wave propagation are smaller than those meaCalculating Velocities and Elastic Properties. For purposes
sured with bulk wave propagati¢ti2,33. However, the nature of of calculating technical constants for mandibular specimens, the
the transition has not been explored in most materials, exceptiareased variability of velocity measurements of thin specimens
report maximum velocity differences between pure bulk and puie the direction of cortical thickness was of greater concern than
bar wave propagation. the effects of a transition to bar waves for measuring longitudinal

The bulk wave to bar wave transition and its proximity to aelocities perpendicular to specimen thickness. Our results sug-
cross-sectional dimension equivalent to wavelength may vary gest that all velocity measurements through the cortical plate, re-
different materials. Also, a typical brictor cylindrical) cortical gardless of transducer frequency or wave type, should be excluded
bone specimen is not shaped like a specimen prepared for mia-specimens less than 1.2 mm in thickness because of the in-
surement of its bar wave velocity. Bone specimens are thin in oneeased measurement error. When calculating technical constants,
dimension, their cortical thickness, while specimens prepared fivese velocities might be estimated based on velocities measured
bar wave measurement are long and narrow with both crosy-similar sites where the cortex is thicker, if the sample only has
sectional dimensions several times smaller than wavelenggéhsmall proportion of such thin samples. For instance, in our man-
Kohles et al[13] avoids a potential problem with thin specimenglibular sample of 600 specimens, those thinner than 1.2 mm were
by using higher frequency transducers to assure a smaller waf@und at a scattering of sites. Among our 10 mandibles with 62
length. We were interested in approaching the problem directly $€s on each, only 12 sites had specimens thinner than 1.2 mm.
see if we would see changes in velocity below wavelength whéfost of these sites had a single specimen in that range. Similar
using the thin brick and cylindrical shapes. Our longitudinal trangnalysis is needed to assess the validity of such a substitution for
ducer produced wavelengths larger than our thinnest specimen#vestigations of other bones or skeletal regions.
all materials. The impact of error on mean velocities and calculated mean

The apparent velocity should begin to decline below the crogiechnical constants might also be decreased by larger sample
section dimension corresponding to wavelenftii1,13. Ash- sizes. However, reliable measurement of individual thin samples
man [12] and Ashman et al[11] show declines of 17.0% for of less than 1.0 mm in cross-section by the technique of Ashman
plexiglass, 19.6% for aluminum, and 32.3% for bovine femuet al.[11] is problematic.

Turner and Bur34] report an increase of 17% for bone going Elastic properties determined from cylindrical specimens are
from bar to bulk wave propagation, citing Ashman et[4ll] as a consistent with findings from brick-shaped specimens. However,
source. But this value was notably smaller than any reportdlae cylindrical specimens allow the additional advantage of deter-
in Ashman’s studies for bone, although close to the value fomrining the material axes within the plane of the cortical plate.
plexiglass. This added information may result in more accurately estimated

Ashman[12] and Ashman et al11] find a velocity of 6320 elastic properties compared to aligning specimens by anatomical
m/sec for aluminum that begins to decline at a specimen thickndgsdmarks, especially if such landmarks have large deviations
of 10~15 mm, and reaches a stable bar wave of 5083 m/sec at Zragn the actual material axes in cortical bone.

mm using a 2.25 MHz transducer. Our results show a stable ve-Although this research improves techniques for measuring elas-
locity around 6200 m/sec that begins to decline at 15 mm aii¢ properties in cortical bone, other problems remain. For ex-

reaches a velocity near 5200 m/sec around 2 mm. The small difple, an additional assumption is that bone is organized ortho-
ferences between these experiments may relate to differencesrapically relative to the circumferential and transverse axes. Tests
the type of aluminum, which was not reported. Another conside®f this assumption may be worthwhile in regions of the skeleton

ation is the small sample size, in which specimens ranged fronhere forces are consistently oriented at some angle to the cortical
0.5—-10 mm in cross-sectional dimension. Our larger sample siglate, such as in parts of the nuchal region of the skull, where the
defines the curve with greater precision. attached musculature is positioned at about 45° to the cortical

In any case, our results show an apparent bulk to bar waserface and provides the only mechanism of loading.
transition in our cylindrical aluminum samples as the cross-
sectional thickness of the sample declines. However, it is impor-
tant to note that this decline does not begin until the cross-section
is 54% of average wavelength.

For bovine femur, Ashmanl2] measured an initial velocity Acknowledgments
decrease from 3300 m/s to 3000 m/s within what he called theWe thank Drs. Peter Buschang, Jason Griggs, Richard Harper,
bulk wave region, followed by a more rapid decrease of 32% tbll Peterson, Gaylord Throckmorton, and two anonymous review-
2200 m/s for bar wave propagation. Ashman’s data did not shas for their comments regarding this study. This project was sup-
transitional data between the initial 10% velocity decline and @orted in part by NIH grants DE05691 and DE07256.

722 | Vol. 124, DECEMBER 2002 Transactions of the ASME



References [19] Schwartz-Dabney, C. L., and Dechow, P. C., 1998, “Changes in Material Prop-

. erties of Human Mandibular Bone Following Edentulation,” J. Dent. Res.,
[1] Lees, S., Ahern, J. M., and Leonard, M., 1983, “Parameters Influencing the 77S|, pp. 863.
Sonic Velocity in Compact Calcified Tissues of Various Species,” J. Acoust.[zo] Turn’er C. H.. and Cowin. S. C.. 1988

Soc. Am.,74, pp. 28-33 “Errors Induced by Off-Axis Measure-
- i PP BT B . . ment of the Elastic Properties of Bone,” J. Biomectlf, pp. 213-215.
[2] Rellly, D.T, and_ Burstgln, A H., 1974, “The Mechanical Properties of Cor- [21] Antich, P. P., Anderson, J. A., Ashman, R. B., Dowdey, J. E., Gonzales, J.,
tical Bone—Review Article,” J. Bone Jt. Surgsg-A, pp. 1001-1021. Murry, R. C., Zerwekh, J. E.. and Pak, C. Y. C., 1991, “Measurement of
[3] Katz, J. L., and Yoon, H. S., 1984, “The Structure and Anisotropic Mechanical M h’ L | P S f.B " M . | | 'V.' b ul i d Reflection:
Properties of Bone,” IEEE Trans. Biomed. EngL, pp. 878—884. echanical Properties of Bone Material In Vitro by Ultrasound Reflection:

[4] Lowet, G., and Van der Perre, G., 1996, “Ultrasound Velocity Measurement in gﬂg;h%dzlggzlind‘l(;gmparlson with Ultrasound Transmission,” J. Bone Miner.
Long Bones: Measurement Method and Simulation of Ultrasound Wave Propa- v F e ) . . )
gation,” J. Biomech. 29, pp. 1255-1262. 122] Ashman, R. B a?d Van Buskirk, W. C., 1987, “The Elastic Properties of a

[5] Njeh, C. F., Hans, D., Wu, C., Kantorovich, E., Sister, M., Fuerst, T., and___ Human Ma“d'ble"‘ Adv. Dent. Resl, pp. 64-67. L
Genant, H. K., 1999, “An In Vitro Investigation of the Dependence on Sample[23] Carter, C., 1989, “The Elastic Properties of the Human Mandible,” PhD. the-

Thickness of the Speed of Sound along the Specimen,” Med. Eng. PHys., sis, Tulane University, New Orleans, LA. )
pp. 651—-659. [24] Dechow, P. C., Schwartz-Dabney, C. L., and Ashman, R. B., 1992, “Elastic
[6] Korioth, T. W. P., Romilly, D. P., and Hannam, A. G., 1992, “Three- Properties of the Human Mandibular Corpus,” Bone Biodynamics in Orth-
Dimensional Finite Element Stress Analysis of the Dentate Human Mandible,”  odontic and Orthopedic Treatment, D. S. Carlson, and S. A. Goldstein, eds.,
Am. J. Phys. Anthropol.88, pp. 69—96. Center for Human Growth and Development, Ann Arbor, Michigan, pp. 299—

[7] Rho, J.Y., 1996, “An Ultrasonic Method for Measuring the Elastic Properties 314.
of Human Tibial Cortical and Cancellous Bone,” Ultrasoni@, pp. 777— [25] Dechow, P. C., Nail, G. A., Schwartz-Dabney, C. L., and Ashman, R. B., 1993,

783. “Elastic Properties of Human Supraorbital and Mandibular Bone,” Am. J.
[8] Dechow, P. C., and Hylander, W. L., 2000, “Elastic Properties and Masticatory Phys. Anthropol.90, pp. 291-306.

Bone Stress in the Macaque Mandible,” Am. J. Phys. Anthroddl2, pp. [26] Zioupos, P., Smith, C. W., and An, Y. H., 2000, “Factors Affecting Mechanical

553-574. Properties of Bone,” Mechanical Testing of Bone and the Bone-Implant Inter-

[9] van Eijden, T. M. G. J., 2000, “Biomechanics of the Mandible,” Crit. Rev. face, Y. H. An, and R. A. Draughn, eds., CRC Press, Boca Raton, Florida, pp.
Oral Biol. Med., 11, pp. 123-136. 65-85.

[10] Frost, J. M., 1986, “Intermediate Organization of the Skeleton, Volume 1,"[27] Mehta, S. S., Oz, O. K., and Antich, P. P., 1998, “Bone Elasticity and Ultra-

CRC Press, Boca Raton. ) ) sound Velocity Are Affected by Subtle Changes in the Organic Matrix,” J.
[11] Ashman, R. B., Cowin, S. C., Van Buskirk, W. C., and Rice, J. C., 1984, “A Bone Miner. Res.13, pp. 114—-121.

Continuous Wave Technique for the Measurement of the Elastic Properties ?58] Schwartz-Dabney, C. L., and Dechow, P. C., 2002, “Variations in Cortical
Cortical Bone,” J. Biomech.17, pp. 349-361. y ' ' ! '

A S ) ) Material Properties throughout the Human Dentate Mandible,” Am. J. Phys.
[12] Ashman, R. B., 1982, “Ultrasonic Determination of the Elastic Properties of

; ! O N A . . Anthropol., in press.
CortlcaIIBone: Techniques and Limitations,” PhD. thesis, Tulane Unlversny,[zg] Martin PR B gnd Sharkey, N. A., 2001, “Mechanical Effects of Postmortem
New Orleans, LA. , R. B, , NCA, ,

) w Changes, Preservation, and Allograft Bone TreatmenBnhe Mechanics
[13] Kohles, S. S., Bowers, J. R., Vailas, A. C., and Vanderby, Jr, R., 1997, “Ul- " . .
trasonic Wave Velocity Measurement in Small Polymeric and Cortical Bone Handbook Second Edition, S. C. Cowin, ed., CRC Press, Boca Raton, Florida,

i » i Chapter 20.
Specimens,” J. Biomech119, pp. 232-236. . . . .
[14] Lees, S., Heeley, J. D., and Cleary, P. F., 1979, “A Study of Some Properties (ggo] Katz, J. L'L Yoon, H. S., Lipson, S., Mahar|dge, R, M_eumer, A.,_ and Chrlsteln,
a Sample of Bovine Cortical Bone using Ultrasound,” Calcif. Tissue B8,, P., 1984, “The Effects of Remodeling on the Elastic Properties of Bone,
pp. 107-117. Calcif. Tissue Int. 36, pp. S31-S36.
[15] Lipson, S. F., and Katz, J. L., 1984, “The Relationship between Elastic Propl31] Dechow, P. C., and Huynh, T., 1994, "Effects of Preservation on the Aniso-
erties and Microstructure of Bovine Cortical Bone,” J. Biomedi,, pp. 231— tropic Elastic Properties of Mandibular Cortical Bone,” J. Morph@R0, pp.
240. 339.
[16] Petrfy, M., Hert, J., and Fiala, P., 1996, “Spatial Organization of the Haver-[32] Yoon, H. S., and Katz, J. L., 1976, “Ultrasonic Wave Paropagation in Human
sian Bone in Man,” J. Biomech29, pp. 161-169. Cortical Bone-Il. Measurements of Elastic Properties and Microhardness,” J.

[17] Turner, C. H., Chandran, A., and Pidaparti, R. M. V., 1995, “The Anisotropy of Biomech.,9, pp. 459-464. ) ) ) ) o
Osteonal Bone and Its Ultrastructural Implications,” BaheY.), 17, pp. 85—  [33] Rose, J. L., 1999, “Ultrasonic Waves in Solid Media,” Cambridge University

89. Press, New York.

[18] Schwartz-Dabney, C. L., and Dechow, P. C., 1997, “Variations in Cortical[34] Turner, C. H., and Burr, D. B., 2001, “Experimental Techniques for Bone
Material Properties from throughout the Human Mandible,” J. Dent. Res., Mechanics,” Bone Mechanics Handbook, Second Edition, S. C. Cowin, ed.,
76SI, pp. 249. CRC Press, Boca Raton, Florida, Chapter 7.

Journal of Biomechanical Engineering DECEMBER 2002, Vol. 124 | 723



