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ABSTRACT

Osteoporosis is a major worldwide health concenmsicey growing amount of fractures annually. Backscgparameters
derived from the pulse-echo ultrasound measurentews been shown to relate with the bone microgtraand composi-

tion and may therefore be used for diagnosticsstéaporosis. To obtain reliable results, the eftéatortical bone must be
taken into account prior the analyses of backscétien trabecular matrix. At severe fracture looas, the cortical layer is
often too thin to be measured with traditional pdakection methods. In this study, the cepstrunhotetvas applied to de-
termine thickness of thin cortical layer. Both nuitalr simulations and experimental measurements wslieed. Ultra-
sound propagation in a water-cortical bone-fat toigs was simulated with the Wave 2000 softwareitii difference time
domain method). In simulations the transducer dpdrat 5 MHz, was 10 mm in diameter and had fosgth at 30 mm.
Forin vitro experiments, 5 thin slices of bovine cortical béthéckness 0.5 mm - 2.5 mm) were cut from a tilstaft using

a low-speed diamond saw. In addition, cortical@bar bone samplen € 4) were sawn from the epiphysis of bovine tibia.
The cortical thickness was calculated from simaated experimentally measured signals with thetoemstechnique. The
cortical-trabecular samples were scanned latetallgetermine the mean cortical thickness. Acoustgasurements were
conducted by using a focused transducer (centqaidérecy of 2.25 MHz, focal distance 50.4 mm, fodahueter 1.4 mm).
Cortical bone thickness, determined with the cepstrechnique, showed good agreement with the thaskoé the cortical
bone in the simulation geometry £ 1.0,n = 11,p < 0.001) andn vitro (r = 0.94,n = 9, p < 0.001). The accuracy of the
cepstrum method, assessed as a mean absolutevexso820 microni vitro and 34 microns in simulations. In this study,
the cepstrum analysis of ultrasound reflectionsnfithe cortical bone was found to provide a reaskenabtimate of the
thickness of thin cortical bone layers. This metimoaly be applied for assessment of cortical thickrasthe most severe
fracture sites, such as the proximal femur wheeettiin cortical layer is covering the trabeculanéoMoreover, it may be
used for compensation of the effect by corticald@om the ultrasound backscatter measurementafecular bone. This

could therefore provide more reliable diagnosiesitoporosis with ultrasound techniques.

INTRODUCTION

In osteoporosis the total bone mass decreases;atecular
structure deteriorates and the thickness of th&cebrayer
decreases. Quantitative ultrasound has been progogeo-
vide a low-cost and non-ionizing diagnostic mettiod os-
teoporosis. Backscatter parameters derived frompthse-
echo ultrasound measurements have been suggesfed-to
vide information not only on bone mineral densiBMD)
but also on bone microstructure and compositio@,814].
Backscatter measurements may also be applied andisé
critical fracture sites, the hip (proximal femub)y using the
dual frequency ultrasound technique [5,6].

Different backscatter parameters have been intexiuo
characterize mechanical properties of trabeculaeb€lini-
cally, the most suitable may be apparent integratakscat-
ter (AIB), which includes the attenuation within ttiebecu-
lar matrix. The AIB has been shown to predict sttprige
mechanical properties the trabecular matrix [7]wdeer, for
reliable assessment of ultrasound backscatter fhentrabe-
cular bone the effect of the overlying corticaldaynust be
taken into account.
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The cepstrum method has been previously applieddtar-
mination of the thickness of cortical layer in lolbgnes [8,9].
However, at proximal femur the thickness of theticat
layer is often too thin to be detected with thelitianal enve-
lope detection methods. In this study, using nucaésimu-
lations and experiments, the cepstrum method wpakealpto
determine the thickness of thin cortical layer. Sfially,
the ability of cepstrum technique to assess thécabithick-
ness in realistic geometrye. when the trabecular matrix is
present directly under the corteg.q. in proximal femur),
was evaluated. Reliable compensation of the attemuat
cortical bone could enable accurate determinatibrthe
backscatter coefficient from the trabecular matind en-
hanced diagnostics of osteoporosis with pulse-egh@-
sound.

MATERIALS AND METHODS
Numerical simulations
Ultrasound propagation in a water - cortical borfat-con-

struct (Figure 1.) was simulated using the finitéedence
time-domain method (Wave 2000 plus software, varS§®0
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R3, CyberLogic inc., New York, NY, USA). In Wave @0,
the wave propagation is simulated in two-dimensions

ow _ 0 0 .noa .
P el [,u+/7 at}l]w+[/] + U+ ¢6t + 3 at}D(D w), (1)
wherep is the density of the materidljs the first Lamé con-
stant,u is the second Lamé constamts the shear viscosity,
@ is bulk viscosity is time, 7 is the gradient operatof} is
the divergence operator, agktienotes the partial differential
operatorw(x, y, t)is a two-dimensional displacement vector.

A total of 11 simulation geometries were createdwhich
the thickness of the cortical bone varied from @.3.5 mm.
Fat tissue was placed under the cortical layer imim
diaphyseal long bone geometry. In all simulatidres proper-
ties of the transducer (in distilled water) werée & follows:
transducer diameter 10 mm, center frequency 5 MH25(
MHz - 6.66 MHz, -6 dB), focal length 30 mm. The siated
ultrasound pulse was defined to follow the shapea aine
Gaussian function
-(t-D/2)?

gt)= Az = [Bin@mrft), (2

whereA is the amplitudet is time,D is the duration of the
pulse,f is the central frequency aradis the steepness of the
function. The waveform parameters were set asvaliéd\ =
1,D =2 ps,f =5 MHz anda = 0.16 ps. Infinite boundary
conditions were set to prevent reflections fromeoiltounda-
ries of the geometry.

40mm

AN

fat

water .
transducer cortical bone

Figure 1. In the simulations the surface of the corticahé
was kept at the focal distan(@ mm) from the transducer
and the amount of fat was adjusted to keep th¢ legth of
the geometry at 40 mm.

Cepstrum method

Theoretically, the received ultrasound echo sigidlcan be
presented as a convolution of an impulse resp@(ean
attenuation function through the cortical laygt) and a re-
flection functionr(t) [8]

x(t) = p(t) Ca(t) Cr(t) (3)

The function for reflections from the endosteal gediosteal
surfaces of cortex separated by a distahcan be presented
as

r(t) =Ro(t—t,) + Rzg(t -1 _%jv 4

where d(t) is the Dirac delta functior is the speed of sound
andR; andRsare the reflection coefficients of periosteal and
endosteal surfaces, respectively. The spectrunhefsignal
can be found as

X (D =P[R + Re™ e ™ @', (5)
and by taking the logarithm we get
2log|X (1)| = 2log|P(f Y RlogR, + Re™ '“e 2" /9| (6)

where Bis the slope of the attenuation vs. frequency & th
cortical layer. The exponential factor in the leestm e
has an inverse Fourier transform &6 - f), wheres is the
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transform variable anti= 2d/c. The cepstrum corresponding
to x(t) can be found as the inverse Fourier transformabio
equation (6).

In practice, the procedure for calculation of capst begins
by windowing the two reflections out from the tidemain
signal. The region of interest is then transfernetd fre-
guency domain via FFT and the logarithm is takeoltain
the power spectrum. The background trend in theepow
spectrum, caused by the reflection from the pezaissur-
face, is removed by subtracting a smoothed specfram
the original signal. The smoothed spectrum wasiobthby
low pass filtering the power spectrum. Then, theemapid
oscillation caused by the pulse reflected from eéheosteal
surface was restored. The inverse Fourier transftom for
the transducer effective bandwidth resulted in akgae time
domain, indicating the time difference between thlec-
tions from periosteum and endosteum. The algorifom
calculation of the cepstrum in this study can bmpy
presented as |IFFT(10*ag|FFT&(n))])))|, the magnitude of
inverse FFT of the logarithmic magnitude spectrum.

In vitro measurements

For in vitro experiments, five thin slices of bovine cortical
bone were cut from a tibial shaft with a low-spekamond
saw (Buehler Ltd., Lake Bluff, IL, USA). The thickss of
the samples varied from 0.5 mm to 2.5 mm. For egfee the
thickness of the cortical bone slices was deterchiwgh a
micrometer screw. In addition, cortical-trabecutane sam-
ples 6 = 4) were sawed from the epiphysis of bovine tibia
The cortical-trabecular samples were measured terda
orientation using a mechanical ultrasound scanritr iso-
tropic resolution of 70Qum (11x12 pixels or signals). The
mean cortical thickness was determined from thégeals
with the cepstrum technique by using a constantevdbr
sound speed (3550 m/s) in cortical bone [9]. Ftaremce the
thickness of the cortical bone layer was determingtth a
caliper.

Acoustic measurements were conducted using a fdcuse
transducer: 2.25 MHz centre frequency, 50.4 mmlfdcs
tance and beam diameter at focus 1.4 mm (Panasetric
V307, Panametrics Inc., Waltham, MA, USA). The &an
ducer was connected to an UltraPAC ultrasound
pulser/receiver system (Physical Acoustics Corpamat
Princeton, NJ, USA). The ultrasound measurementesys
was controlled with Labview 8.2 based software {dial
Instruments Corporation, Austin, TX, USA). Measuatd
simulated ultrasound signals were analyzed with labat
(Matlab 7.3, The Mathworks Inc., Natick, MA, USA).

RESULTS

In simulation geometry and experimentaity vitro,cortical
bone thickness, as determined with the cepstrummnigue,
showed good agreement with the thickness of thécebr
bone (Figure 2.).

n=11
r=1.0
p<0.001

with cepstrum technique [mm]
with cepstrum technique [mm]

04 06 08 10 12 14 16

Cortical bone thickness in
simulation geometry [mm]

05 10 15 20 25 30 35

a) Cortical bone thickness determined b)
with micrometer screw or caliper [mm]

Cortical bone thickness determined
Cortical bone thickness determined

Figure 2. Measures of cortical thickness with cepstrum
method correlated significantly with a) the micrderescrew
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or caliper measurementa vitro (circles denote cortical-
trabecular samples) and b) the actual geometryumenical
simulations.

The accuracy of the cepstrum method (mean absehute)
was 320um in vitro and 34um in simulations.

DISCUSSION AND CONCLUSIONS

In this study, the feasibility of cepstral analysépulse-echo
ultrasound signals for determination of the thidsef thin
cortical bone layers was evaluated. The absolutaracy of
measurements was similar to that reported prewyoias|in
vivo in measurements of long bones [9]. The presentystud
applied cepstrum method for conditions where tratzc
bone was present underneath the cortical layes mas not
been addressed previously and can be assumed dogero
additional error sources for estimation of cortibahe thick-
ness. The knowledge of cortical bone thickness niiaity
allows correction of the backscatter measurements un-
derlying trabecular bone. However, these analyser® wlis-
carded as they require prior knowledge of the fezqy de-
pendent attenuation and speed of sound in corthis iB
problematic as attenuation and sound speed mayivage-
ing or diseased bone [10]. Whether constant vaimethese
parameters can be used for the compensation oSbaittkr
from the trabecular matrix remains unclear. Thesaes will
be addressed in our future studies.

To conclude, the cepstrum analysis of ultrasourfi¢ations
from the endosteal and periosteal surfaces of thréical
bone was found to provide a reasonable estimaiieeathick-
ness of thin cortical bone layers. Thus, this méthmay be
applied for assessment of cortical thickness atntiost se-
vere fracture sites.g.the proximal femur, where the cortical
layer is thin and trabecular bone is present utitercortical
layer. Moreover, it may be used for compensationarfical
bone effect from the ultrasound backscatter measemés in
trabecular bone and could therefore provide motahle
diagnosis of osteoporosis with ultrasound techréque
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