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Absiract:  The influsnces of Fequancy and spatial msclution
on the ansctropk impedance estimaticn of cortcal bone was
imvestigatec i the Fequency ramge 25-100 kMHz A =et of
sphedcally focusad wansducers provided a spatal msclution
in the mange from 150 dowen o about 20 wm. Four embadded
cortical bone samphes (bve male, two Fimals, two donors agad
=2 VEars, bwo donors a;_pcl =70 Ft\ar!;:l'l.'.t-m cutwith different
orientations relative to the kng axis of the femuer (0-907), From
each sacHon, |I11|.'El:|dl‘ﬂ'-_' Mmaps wen a-:qulrvd in the C-scan
miocle, Histogran evaluations showed a similarangular depen-
dence with a chamcteristc off-axls maximum of the estimatad
|r|1|.1-adar-cu forr all .l:unplu:rs and chlue-rlzlus. The |n1|:~.w:|.3|1-.'|.~

values cbota dned wlth tha 25-MH e frarsd uoer wers slenl foanithy
kowear than those obtained with the 50 and 100-MHe rransduc-
e Morphological parameters of the macnostructure, for o
:1m|:n||:~,~.al2u-a|1|:] distribution of the haversian channek and the
mesulting poncsity, wem estimated from the high-ne solution
acoustc imames . These struchims appaared o have a sizrif-
cant influence on the measurad propertics of the bone makric
for the kew-frequency and low-apartiee measuraments, © 2004
1-"'.r|||.‘_'l>' Perodicals, Inc. | Blomed Mater Res 715 430 —438, 2004

Ry wnrds: aooustic microscopy; andsotropy; bone; elastic
properties; microstruckure

INTRODUCTION

Bone is a heterogencous and anisotropic material,
which is compesed of several levels of hierarchical
organization. Ultrasenic inspecton of eorhical tissue
has been established by Y ocn and Katz', Ashman at
al,” and ¥an Buskirk et al,” and the frequercy rangs
from 500 kHz to 2 MHz is now vsad extensively for
the charackerizabion of trabecular bssus™Y In this
frequency range, the wavelengths and acoustic beam
dimensions are larger than t he dimersi ons of the bone
structure, for example, osteons or trabeculas, There-
fore, bomes has to be considerad as a porous structume
with greatly varying material properties, for which
wave propagation is influenced by scattering, interfer-
o, and diffraction. Acowstical parameters, for ex-
a ITII_'llL"_, eip-aa_'l of sound, broadband ultrasoric atteru-
ation, and backscatter coefficient are affected by the
structure, density, and elasticity of the individual
componerits. Several thecratical corcepts have beon
adapied or developed to modsl the ulirasound prop-
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agatien in bore," However, they require a latge num-
ber of physical properties, which are usually not avail-
able. Tmne poten tial way to assess thess parametors is
to increase the ultrasound frequency. Many studies
were conducted at 30 MHz by Turner and colleagues.
They measurad the sound velocity in thin samples in
pulseecho mede Significant differences wesre found
between pre- and pestmenopausal and osteopornstic
iliac erest specimen of 40 Causasian women" Canine
fernoral bore specimens were maasured at 107 incre-
ments From the long axis of the bone ™ A sigrificant
anisotropy with an off-axis maximum at around 30%
was obsorved. From a comparison of the anmisotropic
velocity of demineralized and decollagenized sam-
ples, itwas coneluded that the principal orientation of
bone mineral was along the long axis of the femur
whereas bone collagen was aligned at a 307 angle o it
Moreover, ne significant differences were observed
betwaen caneosllows and cortical bone ' Elastic param-
eters, for examph_*, stiffmess and Woung's modulus,
were calculated from the longitudinal sound veloci-
Hes. However, macroscopic densities and Poisson ra-
b Mad to be used For the comwersion.

Lees and J'fl|u:.'-r.~|'m|z3’:l observed dispersion in wat
compact cow femora with unfocused ultrasound in
the frequency range 5-100 MHz. At 70 MHz, they
foumd a maximum of 3200 m/s in the direction per-
pendicular to the long axis of the femurand 4470 m /=
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TAELE 1
Fulse-Feho Beam Paramerers

Manufacturer Madel / Aperture Parameries V3i24/25 Walpey Fisher Vars /aiF ES| 100/ 6F
Ceniter resquency” 25 MHz 50 hH= 10 MHz
Hement size® i mm .35 mm —_
Kaclivs of curvature™ 15 mm .35 mim —
Frcmbser® 15 1 L5
Tirme-oof-llight {foscus) 04 s 170 pat 297 pa
Pulse duration 184 e L ns 1010 n=
Cinter frequency 05 MHz deim MHz & MHz
lfpr ak corstery RO MH e 4495 MHz 2.5 MHx
5 el 2.9 MH# 201 MHr B4 MHe
j Enfiomid 36,00 MH # a3 MHz 1060, 7 BIH
Relative bandwidih 7. T TN 177
{prak/ centert LAt 431N 17 62%
Depth of locas 2D i pm 1%
Conbocal beam diameter 142 prm 2% pam 195 um

“Paramete rs provided by the manufacturer,
“includ ing a 10-us buffer mod.

parallel ko it At higher frequencies, the V(=) technique
was recenily applied o detenmine surface acoustic
wave velocities in trabecular bone. Fourier analysis
of the Vi) curves revealed multiple poaks, which was
Ex]:l]air'l:'d b}r the occurrence of up o fFour different
longitudinal and two Rayleigh wave velocities in in-
dividual measurnements. The estimated vel ocities wers
im the range 23304330 m/s for the lengindinal
waves and 1930-2070 mJ/s for the Rayleigh waves,
respectively, Mevertheless, the large contributing sur-
face area for this kind of measurement approcimately
2000 ™ s still a limiting fackor in ferms of resolu-
tion and validity, Furthermore, these spot measure-
ments make it difficult to asssss the heterogeneous
mi crostructure of bone tissue.

The alternative way is to scan the transducer in bwo
dimensions acress the surface of the sample. For low
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Figure 1. Time-of-flight (TOF) de delocus corme-
#on Functon for the Y5 transducer (mean and sandand
deviadon ).

frecuencies (eg, 5 MHz), the spatial distribution of
sound velocity can be assessed in thin sections of
human femoral bone = However, because of the lim-
ited resolution at this frequency, the sound velocity is
affected by struchural parameters, fior lnumpin, pore
size and porosity,

The 5pal:ia| resofution is maximized, if the Hmplc'
girface coincides with the Foeal plane of the trans-
docer. For an infinite homogeneous half space the
reflacted amplitude is directly proportional to the re-
flection cosfficient™ ' and can be converted in a
value of the acoustic impedance Z (Z = pr, where pis
the mass density and » is the lengitudinal sound
velocityd ™ Significant correlations were found be-
twiem acoustic impe dance and dmsii.'_l,r,:"' stiffness, -0
and bulk modulus™ in the frequency range up o 50
MHz, and between impedance and Young's modulus
at 900 M Hz by com parison with nancindentation re-
sults ! However, care must be taken when the struc-
tural dimensiors of the tissue become L‘CTI‘I]DIF]'!!-E to
the acoustic wavelength and the beam width, respec-
hvely. Nevertheless, quanlitative acoushic impedance
mappring in bona has beon demonstrated for fraquen-
ciis up W0 900 MHz = 7 0 this study, acoustic
impedance distributions of cortical bone samples ob-
tained with three focused transducers with operating
frequencies up to 100 MHz were compared.

MATERIALS AND METHODS
Samples

maberials served as references for imped-
ance calibration [TPX®, polystyreme, polycarbonate, poly-
methyimethacrylabe (MMAL, Suprasil®, aluminum, tita-
nium|. Speed of sound and mass dersiy of these materials
were determined by a low-frequency subst tutlon method
and by Archimades’ principle, mspectively.
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Figure 2. Power spectra of the tramsducers usod ). Mono-
chromatic Impedance distributions wore calculated at the
intercept frquency (armow) of thie Y324 and VA5 tansduc-
ers. The confocal echo amplitudes of refermnce materials
wiera used for the impedance calibration (b).

Four proximal cortical bone sections werne obtained
from human cadaver famora approsimately 10 em ba-
neath the femoeral head. For aach gender, samples from
one young and one sanlum donor without bone patholo-
gies In history were chosen for the investigation. The
samples ware cut with various angles (07, 107, 157, 307,
457 607, and 907) relative to the Femoral long axis using a
diamond saw (Exakt—Trennschleifsystem Makro; Exakt
Apparatebau, Morderstadt, Gammany). Afkar dehydration
and embedding in PMMA, Aat surfaces were prepared by
a grinding procedure with successivaly decreasing grain
siza (1200, 2400, 4000; Exakt-Mikroschleif system, Exakt
Apparatebau).

The expermental setup was confirmad by the Ethic Com-
mission of the Martin Luther University.

Experimental setup

A CUStOM Scanning acoustic microscope was used. It con-
sists of a thres-axis high-preceion scanning stage, a 200-
MHz pulsar fraceiver (Fanametrics S900FPR, Waltham, MA),
and a 500 M5/ s A /D-card (Cage 85000, All components are
contolled by a custom software (SAMEx; C-BAM, Halla,
Cemany). A set of spherically Focused transducers (V324 /
237 Panametrics; Vo065 /607 Valpey Fisher, Hopkinton, ha;
KSL1m/600; KEL Herborn, Garmany) providad spatlal res-
olutiors in the mnge fom 150 dewn e about 20 wm, The
pulsasacho sound Held charactaristics were determined by
the wire techniqua™ and are summarizad in Table 1

The samples wera completely immersed in a temperature-
coittmlled tank Alled with disdlled, deggssad water at 25°C,
The sample surfaces ware placed in the focal plane of the
transducer and C-scans were acquired, wheress for sach
scanned point, the entre pulse-echo slgnal was stored,

V- Ditanco o)
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Figure 2. Impedance map with ROL selecton (a), threshold
mask ¢k}, and histogam (c) of the selectad mgion. The
ragions filled with the embedding matarial (narmow peak at
3 Mrayl) were excluded from the analysis using the fimsh-
old mask.
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Figure 4. Broadband tmpedarce maps of the 07 cut of the young male sample. The ROLs for histogram evaluaton are
indicated with black lines.

{a) L]

¥ -Distance [mm]

¥ -Destance [rmm|

LR T

X -Distanca fmm]
ie] id}
T, ™ - o,
iy =
2001
= i 1 -
- 150
; :
an 1
oa)
| L 1 an|
b ...u“ _ \ .
4 & i 1 12 B ] w 12
Impadanca [Mray| Impodaree Mooy

Figura 5 Monochromatic 33.6-MHz impedance maps measured with the Y324 (a) and Ys06 (b) transducers. The corre-
spending hiskegrams are drawn below (c) and (d).

FALM, REIMFAUER, AND BRAKNDT
Fage 4



FREQUENCY AND RESOLUTION DEPENDENCE

TARLE 1T

Regrassion Coefficients for £ yun =4 + B~ £

A a R
V324, (25 MHz —0.A754 11445 099365
VA2, (356 BMH —1.12145 11633 099364
VA, (35,6 MHz) —058445 L0672 D665
Vi, (50 BMHz =021073 L1455 DK7Y
KSI 1007605, 100 MHz) =020617 1.0571 DSKIRES

Impedance calibration and evaluation

For all referance matafals, the pukse-echo signal was mea-
sured as a funcdon of the sampla-transducer distance, All
signals ware band-pass Alberad (V324; 5-70 MHz; Vale, 5-50
MHz; K=l 1000807 5-200 MHz) using a zero-phase fler
functlon, Afer conversion o decibel (0 dB cormsponds o
the confocal echo amplitude), ime-of-fight dapendant de-
focus comractlons wers estlmatad from tha charackaristlc 1z
curve of each trarsducer (Fig, 1,

The confocal echo amplitudes of the mFerdce mawerals
wird used for Impedance callbration In two differnt ways:
broadband impedances wem estimated using the ampli-
tides of the Hilber-transformed (envelope) signals, and
monechromatic impedances wiare deteemined from the 33 5
Pl components of the power spectn for the Va2l and
VEDS wranad cors (Flg, 20,

The same processing (band=pass fler, Hilben-transor-
maton) was applicd o the C=sean data, Afwr defocus oor-
rectlon, thie echo amplitudes were convarted Into value of
the aconste tmpedance, Hiswopram svaluations were paor-
formed on dentieal stripes of lmm width (pedpheral o
contral; Fig, 31 for each messurement. Reglors Alled with the
embedding material, for example, in the haverstan channals
ik oxclicdod From the evaliation usng a d=-Mrav] dmsh-
old mask, The histograms wiere normalized 0 order o com-
ponsate for differant amounts of data for the individual
ET

Porosity (P ratio between cavity area and cortical araa)
and cavity dersity (CD: number of cavities per mm?) were
arssessnd From the exeluston maps.,

RESULTS

Reproducibility

All reference materials were measured at least 10
times at different days. The maximum relative star-
dard error of the estimated mean impedances was
0.4,

Resolution

Figure 4 shows the impedance maps of the 0% cut of
the young male donor. At 25 MHz, the haversian
channals are not completely resolved wheareas, at the

higher frequencies, the channels as well as the bound-
aries betwesn osteons and secondary osteons can be
distinguished.

Monochromatic impedance maps obtained with the
w324 and the Va05 transducers are shown in Figure 5.
Fesolution differences in thess images are directly
linked to the numerical aperture of the nsed transduc-
ars The histogram of the ¥324 measurement is clearly
asymmetric and shifted toward lower impedance val-
ves This shift was quantitatively assessad by linear
regression between the means and medians of all dis-
tributiems, Only for the low frequencies and low-ap-
erture measurements the slope of the regression re-
markably deviates from one (Table 11,

Moreover, the 25-MHz-broadband mean, median,
and standard deviation values were lower comparad
with the other measurements,

EH
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Figra 5. Estimated P and CD for the different measure-

ments. With the 25-MHz transducer monphological paam-
ebars cannot be derived.
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Figure 7. The S50-MHz broadband impedance maps of a I cut of the young and the senlum famale donors

Morphology

Morphological parameters were compared for the
0-37F cuts. The estimation failed for the Y324 mea-
surements The C0 and P values ware slightly higher
for the 100-MHz transducer compared with the 50
MHz transducer. However, the values wera highly
correlated (Fig. &)

Differences in the morphology can be particularly
=sean between the yvoung female and the other samples
(Fig. 7). Both channal density and porosity wiere lower
in the young samples (Tabla 1110,

Impadance versus [regquency

After menging the broadband histograms info the
three frequency groups, an increase of the mean im-
pedance with increasing frequency was cbsarved. Sto-
dent ¢ tests showed significant differences between 25
MHz and tha higher requencies (50 MHz: @ = 0.0040,
100 MHz: p = 00001 The same trend was found for
the individual sam ples. However, the differences were
only significant for the senium samples between 25
and 100 MHz (Fig. B and Tabla IV

Significant differences between the samples were

TABRLE 1
Channel Density and Porosity (dean and Standard
Deviationd for the or=307 Cuts Measured at 100 MHz

co o Poresi by
1 mm™ o
Mlale (724 12.30 £ 1.08 516+ 177
Mlale (25) 11.23+ 1.75 LAD 0T
Fernale (76 12.64 £ 1.25 538+ 087
Fernale (200 7.55 + 1.25* 216+ 025

"Signifcant gender-specibe age differencos,

obsarved at 50 and 100 MHz At 50 MHz, the mean
mpedance of the female senium donor was lower
compared with impedances of both male donors. At
100 MHz, the decrease was only significant compared
with the senium samples, It should be noted that the
standard deviations of the impedance distributions
are smaller in the senium samples compared with the
yvoung samples at the 100-MHz measurement,
whereas this trend was reversed in the 25-MHz data.

Anisotropy

Similar anisotropic impedance distributions wera
observed for all samples and all frequencies. To ex-
plore the complex relations between loading angle,
impedance distribution, and frequency, the normal-
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Figura 5 Mean and standard deviation of the broadband
impedances of all samples as a funcion of Fraquency.
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TABLE TV
Vean and Standard Error of the Acoustic Impedance
dter Merging the Normalized Histograms of All Angles

25 MHz 50 M Hz 100 M Hz
Male (72) 7.7E & 0,26 B + 0,41 545 + 0,11
Male (25 7.M3 +019 BIR +0.25 B+ 0.8
Fernale {7651 721 =02 TEE =015 771 =015
Fenale (200 TEL 014 e 0.2 8541 £0.27

ized angular-dependent histograms are presanted as
oolor-coded contour plots for each frequency in Figure
4. The lowest peak values of the histograms always
occurred at 90° frelative to the long axis of the femurh,
The most regular pattern was observed at 100 MHz.
At this frequency, the histograms for all angles have a
symmetric shape Width and peak values, however,
varied considerably. The marrowest distributions can
be seen at 107 and 45° Betwesn these two angles, the
distributions are broadened and the peak reaches a
local maximum. The highest peak value can be seen at
0%, The contour plots of the lower frequencies have a
similar shape. In addition to the more irmegular pat-
tern, an im pedance downshift is apparent particularly
in the 25-hHz plot.

An anisotropy ratio was defined as the ratio be-
tween the maximum peak value to the peak value at
90°, The highest anisotropy was observed at 50 MHz
fanisotropy ratio = 1.32). For the 25 and 100-MHz
measurements, the anisotropy ratics were 1.23 and
115, respectivaly.

[nfluence of morphology on impedance estimation

Multiple regression was performed betwesn cavity
density and ponesity and the relative decrease of the
25- and 50-MHz impedance estimations (compared
with the 100-MHz results). Both parameters had sig-
nificant influences on the impedance decrease (25
MHz; K2 = 0.87, p = 0.037, By, = 0.798, By = 0.136; 50
MHz: B = 080, p = 0042, By, = 0794, B, = 01041

simsobropy of ¥ &% 245 MHE b

Imge=iama Ayl

B2 = 0 X
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DISCUSS10MN

Information about the elastic properties of the cor-
tical microstruacture was obtained with all transducers.
However, the resolution of the 25-MHz transducer
was not sufficient to separate the haversian channels
from the bore matrix. The resulting artifact in the
acoustic impedance estimation of the bone matrix is
dependent on number, size, distribution, and content
of the charmals. Monochromatic impedance estima-
tions allowed quantification of the influences of fre-
quency and numerical aperture separately. The results
indicate the requirement of a high aperture in addition
tov & high frequency for a reliable discrimination be-
tween matrix and channels. The resolution limit of the
50- and 100-MHz transducers is in the range of the
smallest cccurring haversian channels in human cor-
tical bome. Therefore, the channels are osoally re-
solved and can be sepamated from the bone matrix.
This in turn allowed quantitative assessment of mor-
phologically relevant parameters in addition to- infor-
maticn about the elastic properties of the matrix. The
estimated CD and P values are in the range of histo-
morphometric values reported by Wachter et al. ™+
However, a direct comparison was not possible, be-
cause these structural parameters are known to vary
considerably even within a single femur at different
anatomical locations ™ Morteovar, the different values
obtained at 50 and 100 MHz snggest a remaining
dependence of theestimated values on the salection of
the impedance threshold level. The value used in this
study (4 Mravl) presumably failed to exclude the
smallest channels and led to slightly reduced channel
size estimations. Thesa effects need to be further op-
timized.

Anisotropy of the bome mattix was observed for all
frequencies. The angular dependence is consistent
with macroscopic anisotropic Young's modulus data
assessed with low-frequency ultrasound, S high-fre-
quency sound velocity measurements at 50 MHz by
Turner et al, ' and the anisotropic microscopic imped-
ance obsarved at @00 MHz by Smitmans et al. ™ Insuf-

Anmnirogy of 7 6 100 MH (i)
: on

oR
or

o

o4
bz

oz

&0 -] [ a 40 B

40 L
Angie 7] g 7]

Figure o, Contour plots of the impedance histograms a= a function of the leading angle.
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ficiemt resolution again limits the meliability of the
observations at low Frequencies or low transducer ap-
ertures, The corrent results suggest that artifacts re-
sulting from the presence of cavities in human cortical
bone cannot be neglected, if the lateral resolution is
worsa than approximately 20 pm. For the 100-MHz/
0% transducer, thesa artifacts appear to be minimized.
However, no significant differences were found be-
twieen the 51 and 100-MHz measurements. Approsi-
mately 0% of the impedance decrease at lower fre-
quencies can be explained by stroctural parameters A
remaining factor might be caused by dispersion,
which would support the obssrvations of Lees and
Klopholz,* and considerably reduced impedance val-
ues found at 900 MHz*

A drawback of the high-frequency measurements is
the limited depth of focus. Careful sample preparation
and alignment as well as stable measurement condi-
tions and a robust defocus correction are necessary for
a reliable impedance estimation. The uncertainty of
the correction depends on the relative distance of the
measured reflection from the focus toward the end of
the depth of forus (see Fig. 1) Thensfore, defocuas
correction errors become more severe at higher Fre-
quencies,

A limifation of this study is the use of plane sam-
ples. This setup limits the mumber of observation an-
gles and the information is obtained from different
anatomical sites. Although it has been shown that
two-dimensional impedance mapping allows assess-
ment of the anisotropy of the cortical bone matrix
separately from the haversian channels, new sample
preparation and measurement concepts need to be
developed in order to obtain this information from a
smaller sample volume,

Although a comprehensive investigation of age-
and gender-specific differences of the cortical micro-
structure was bevond the scope of this study, the
results demonstrate that high-resolution acoustic mi-
croscopy is sensitive o variations of both structural
and anisotropic elastic properties of the cortical bone
micrestructure.
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