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Although it has been over 20 years since the first recorded use @frdiive ultrasound
(QUS) technology to predict bone fragility, the field has not yet readtsechaturity. QUS
have the potential to predict fracture risk in a number of clinical circuntgts and has the
advantages of being non-ionizing, inexpensive, portable, highlypéaioke to patients and
repeatable. However, the wide dissemination of QUS in clinical practice idistited and
suffering form the absence of clinical consensus on how to integrat® @thnologies in
bone densitometry armamentarium. There are a number of criticabisisaeneed to be ad-
dressed in order to develop the role of QUS within rheumatology. Thesedmdssues of
technologies adapted to measure the central skeleton, data acquisitisigaaldprocessing
procedures to reveal bone properties beyond bone mineral quantitglacidation of the
complex interaction between ultrasound and bone structure. In thisnpaéisa, we review
recent developments to assess bone mechanical properties. Viledeowith suggestions of
future lines and trends in technology challenges and research amaasunew acquisition
modes, advanced signal processing techniques, and models.

Keywords: bone, guided waves, finite difference time-domain, osteoporosistitatve ul-
trasound.

1. Introduction

Fragile bone are commonly (but not exclusively!) encountered in a sksealled
osteoporosis characterized by a decrease in bone mass and stracturahterial de-
terioration of bone, leading to increased susceptibility to fractures of thespiipe and
wrist. Osteoporosis is most common in women after menopause, but may aédopdev
in men, and may occur in anyone in the presence of particular hormonatieisand
other chronic diseases or as a result of medications, for example langsteticother-
apy. Osteoporosis may significantly affect life expectancy (one-yedafiy rates af-
ter hip fracture range from 15 to 20 percent) and quality of life. Ostexgi®is a major
public health threat with extremely high costs to health care systems. Approkimate
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one in two women and one in four men over age 50 will have an osteopoetsied
fracture in their remaining lifetime. The costs to governments measure in the bilions
dollars annually, and these numbers are destined to increase, with ass1a8yrallion
hip fractures predicted annually, around the world, by 2050. Cliniciads@searchers
alike are emphasizing the importance of early detection of osteoporosigauidré
prevention [1].

2. Bone quantitative ultrasound

Today, radiological (X-ray) measured bone mass serves as a atarfoy bone
fragility, but fails to take into account other important aspects like materiahgtine
or structure. Mechanical waves such as ultrasound are intrinsicallylgoifgrobe me-
chanical properties and may perhaps have the best chances of alitresda yield
non-invasively an improved estimation of bone fragility combined with advastéike
lack of ionizing radiation and cost-effectiveness. Ultrasound velocity atenuation
depends on the matter they are traveling through. For example, the mores anoes
are, the better the penetration is (less attenuation) and the lower the veloCionise-
qguently, bone tissue often is characterized in terms of ultrasound velocitgtenua-
tion (or more specifically frequency-dependent attenuation).

Although the clinical potential of ultrasound for the investigation of bongilitst
was recognized as early as in the 1950s where an ultrasound methodseabed for
monitoring fracture healing [2], ultrasound was used little to investigate bapegies
until the 1990s. The reason that ultrasound were not used beforeatkisvds because
of immature technology and poor understanding of the interaction mechanktwesen
ultrasound and bone. In 1984ANGTON et al. [3] took a step forward by discovering
that the transmission of ultrasound through the heel could discriminate ost¢iop
from non-osteoporotic women. He demonstrated that the heel of ostdigpeatients
could transmit ultrasound waves better than that of an age-matched narnjedts.
Subsequently, numerous experimental works demonstrated that thei@poogerties
of the heel were tightly linearly and positively correlated to the bone voluaifm
(or negatively correlated with the porosity) e.g. [4]. Since then manyrasbsghave
been achieved by our group and others and a variety of differemistaated tech-
nologies capable of measuring different skeletal sites such as the hgefsfiwrist or
leg have been introduced and evaluated. The evidence that ultrascurdlig (radia-
tion free and inexpensive) method for fracture risk assessment isléisst[1]. In recent
years, several devices received FDA approval that furtherexptie door to clinical ac-
ceptance and use. Bone ultrasound technology, termed QUS (Quantititasound),
gained a place in the armamentarium of modalities used to assess the skeleton.

3. QUS imaging

While the concept of measuring attenuation and velocity of ultrasound in teme
changed little since its inception, technology has evolved. Quantitative witrdsmag-
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ing of the skeleton, introduced by our group in 1996 was first applied toerttamheel
(Fig. 1) [5]. The image that is viewed results from the ultrasound passinggdh the
skeletal site being inspected and interacting with a piezoelectric receivinggdtreer.
Local values of the attenuation or of the wave speed are coded in gregi¢o) level at
the pixel in the image. As in plain radiography, the attenuation image formed ega*n
tive image” since brighter areas on the image indicate where lower levelsefitied
ultrasound reached the receiver. Today, we are able to gener&ténegarametric
images through the use of two-dimensional arrays of transducersf@ndlogical ad-
vances have provided clinicians with smaller, lighter, and very portablgmgumt such
as that inexpensive device operated with four AAA batteries [7].

X-ray plain radiograph

. Ultrasound attenuation
Scanning

Fig. 1. In vivo ultrasound attenuation image of the heel. A pair of transducers are placgposite side

of the heel. The image is obtained by scanning the heel and by recoreimgatre that passes through the

heel at each scan point. The ultrasound image (the slope of the figgdependent attenuation is coded
in the image), compared to the X-ray plain radiography, shows high quitsjls.

An important limitation of QUS today is their limited access to peripheral skeletal
sites only. One of the most significant recent technological advances &sribw QUS
scanner developed byABRKMANN et al.[8] for direct assessment of skeletal properties
at the proximal femur (hip) (Fig. 2). For X-ray based techniques measemts directly
at the main osteoporotic fracture sites have proved to be superior to reess in the
peripheral skeleton. It is reasonable to also expect better hip fratslnerediction for
QUS assessment at the proximal femur compared to the heel. Howeveontpéegity
of the anatomy makes measurements at this site quite challenging.
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Fig. 2. In vitro QUS images of attenuation (middle) and sound velocity (rigth) of the feimonpared to

the X-ray bone mass image (left). Recent works have shown thatadttdsmeasurements could predict

femoral bone mass with a reasonable accuracy [9]. Prelimimawywo results have been recently pub-

lished [8]. The left panel shows an image of the sound velocity. Iniegdg, high velocity values are

found at the boundary of the femur. We hypothesize that these highsvatrrespond to the propagation

of guided waves in the dense cortical shell that surrounds the fenmaasiing these guided waves (see
next section) would provide invaluable information on the cortical shelerties [10].

4. Guided waves

More recently the emphasis of innovative QUS basic research has doiftadls
cortical long bone measurements, such as the tibia (leg) or the radiuar(fjre.ike
tube or pipelines inspected by non destructive ultrasonic testing methodshdores
can be probed by ultrasound waves produced in response to an irtigaattfasound
impulse) transmitted by a source to the bone through the soft tissue. The nhethod
been adapted by our group to reduce artifacts caused by soft tisgua [dy bone cur-
vature [12] (Fig. 3). Waves propagate along the bone and their velosityed to bone
properties, is computed from measurements performed at distance fraoutee. In-
terestingly, long bones support the propagation of different kind ee®asuch as sur-
face or guided waves which contain relevant information on structumlnaaterial
properties. Judicious choice of propagation modes over a suitableefreguange can
be achieved and subsequent measurements of their velocities candistiact aspects
of bone quality [13, 14], hoping that they would appropriately reflectiibee qual-
ity status at the main fracture sites (e.g., hip or spine) and its changes &sdagiid
disease or treatment.

For example, in some devices, the measured signal is the first arrivire) §dys).
The physical nature of the fastest part of the signal depends onttbeta-t.T'h/\.
Cort.Th being the cortical thickness andbeing the wavelength. In other approaches,
the analysis of the signal is focused on a slower signal component wiicesaafter
the FAS and has been identified as a guided wave mode.

First, we shall consider that the cortical thickness is much larger than tigée lon

tudinal wavelength in bone (i.e., high frequency regime). The theoryigisethat the
FAS corresponds to the so-called lateral wave, which propagatestalimgerface with
a velocityvjaterar€qual to the bulk compression wave velocity in bopgra = /cs3/p,
p being the mass density of cortical bone angl its stiffness coefficient (3: principal
symmetry axis of the transversely isotropic medium corresponding to the los@fa
the bone). The lateral wave can be easily detected by sensors plabedsatface of
the soft tissue.
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Fig. 3. lllustration of the technique implemented to measure long corticadrhe measurement con-
figuration consists in emitters and receivers placed on the skin on thessaenef the inspected skeletal
site, and the velocity is determined for an ultrasonic wave transmitted in thetiditeof the bone axis.
Our group has developed a probe utilizing several ultrasonic transntittetbow specific measurement
sequences, the so-called bidirectional axial transmission techniguegaimovercoming the effect soft
tissue. In the bidirectional axial transmission approach, an ultrasofse putransmitted along the bone
surface in two opposite directions from two sources placed at both dralsitque group of receivers.
A simple combination of the time delays derived from waves propagatingposite directions efficiently
corrects automatically for soft tissue and for probe inclination with redpdmne surface.

A more realistic description must take into account the finite thickness of the cor
tical shell Cort.Th. For thin bone cortical layers or in the low frequency regime
(Cort. Th < 0.25)) the previous description is no longer valid. A guided wave mode
instead of the lateral wave is excited in the cortex and contributes to theedcsg-
nal. In case of a very thin layer the first arriving signal correspdodée S, Lamb
mode [15], which has an asymptotic phase velocity which can be written asadi
of the stiffness coefficients [16]:

2
s, = 03?’X<1_613> 1)
P C11 X €33

This guided mode is slower than the longitudinal bulk wave. For plates of inter-
mediate thickness(ort.Th =~ 0.25A — 1.5)) the first arriving signal results from
a complex pattern of interferences among different waves. As the ddlickness-to-
wavelength ratio decreases, the nature of the first arriving signéhcounisly changes
between the long and short wavelength limits and the speed of sound skscoestin-
uously (Fig. 4) [17]. The exact transition between the long and shar¢lagth limits
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also depends on the acoustic anisotropy of cortical bone [17]. Figsteygests that
the FAS velocity conveys some information on the cortical thickness (i.e., itye e
creases with decreasing cortical thickness) which is a determinant esti@mgth. FAS
velocity measurements performed at multiple frequency [14] could potentiaiyde
independent information on both cortical thickness and elasticity.
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Fig. 4. Variation of the velocity of the FAS as a function of cortical thickr{€st Th)-to-wavelength ratio.

The continuous curve is from finite-difference time-domain (FDTD) potations on plate models with

constant thickness [15], while the dots correspond to numerical simgatio realistic bone models with

a geometry reconstructed from X ray tomography (see section Modsigsy a 1 MHz centre frequency
signal and a bidirectional axial transmission configuration [11].

The possibility of measuring other wave modes than the first arriving siigiaine
has been investigated recently [18—-20]. An energetic contribution to tedvesl sig-
nal has been observeith {/itro or in vivo) which has been identified (fan vitro cases
only) as the antisymmetric guided wave (A0 mode for a plate model) or the fumdame
tal flexural tube mode (F11 for a tube model) [19]. This mode is especiallyitse
to the cortical bone thickness. Because this mode arrives after therfivié@ signal
and interferes with other contributions, special signal processingitgehmust be im-
plemented for a reliable extraction and velocity estimate [19, 21]. Thus, i&ciy
identified and extracted by appropriate signal analysis, it may be suitaldat@inver-
sion processes [19], i.e., cortical thickness can be estimated from thendetton of
the guided wave mode propagation characteristics. Clinical assessnengdiones
by this method is challenging, however, due to soft tissue on top of bocapbe it
may potentially increase the density of modes and affects differently thesepledoc-
ities and intensities. Identification and separation of modes measukédo remains
challenging and requires further investigation.

QUS axial transmission techniques could find widespread clinical use ticpre
bone fragility not only in osteoporotic patients, but also in a wider contexiooie
diseases in female, male and pediatric populations. For example, prelimindrgsstu
suggest that this technique may be a useful method of assessing chrabges health
in preterm infants for whom X-ray technologies is unsuitable for such gstt#n ultra-
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sound wearable system for remote monitoring of the healing process farrddong
bones has also been reported [22].

5. Models

QUS techniques and implementations have been introduced into clinical practice
despite the fact that the interpretation of QUS data is hampered by the shfwmior-
plexity of bone. Interaction mechanisms between ultrasound and bonéllgpearly
understood. Modeling can be seen as a major need in order to drive &xperiments,
to optimize measurements, to integrate multiscale knowledge, to relate QUS vatdables
relevant bone biomechanical properties. Ultrasound propagationgtintmane is com-
plex. It may involves different waves types, each with its own propagati@macter-
istics. Ultrasound may propagate along curved paths, thus complicatingttievake
of the velocity. An accurate interpretation of ultrasound measurementsesqguires
first a detailed understanding of ultrasound propagation with clear idetitincof the
different waves and their exact propagation paths. The complex stustione sig-
nificantly complicates the task of solving equations, though.

Recently developed computer simulation tools offer a fertile alternative to iabiec
theoretical formulations. Computer simulation will likely have its greatest impaat-by
lowing the researcher to visualize the propagation of ultrasound trougkemheomplex
three-dimensional bone structures, and by providing insight into the ati@namech-
anisms between ultrasound and bone. Simulators and computers may wetlebhen
primary tool for investigators to answer questions such as: how is the tneavamitted
through the bone, what is the path followed by the wave? How does it ihtefdt
bone? What kind of wave is propagating? Computer simulations, illustratetyod,F
have been applied to the problem of transmission through pieces of spongy(such
as that found in the femur at the hip), and along or across long cortinaktsuch as the
radius [17, 19, 23]. In every case the computer simulations provide@alunsight
into the properties (e.g., nature and pathway) of the propagating waygisallsnap-
shots of wave propagation (bottom) are presented for three distinct afqutis (top):
3-D spongious femur microstructure (left panel), 3-D human radius ggplimiddle
panel) and 2-D transverse cross-section of a human radius (rigel) pahe possibility
of applying the 3-D FDTD approach to actual bone structures providakiable tool to
study transmission of ultrasound waves through cancellous and codivaknd to elu-
cidate the interaction mechanisms between ultrasound and bone struc#r24, [25].
A 3-D snapshot of a 1 MHz quasi-plane wave propagating through eduddr bone mi-
crostructure is shown on the left panel. A coherent ballistic plane waveasly seen,
followed by a spatially incoherent scattered wave. Waves transmitted axiatly the
long axis of a human diaphysis are illustrated on the middle panel. Their nature a
determined by the wavelength-to-cortical thickness ratio. Of particularesit@re the
leaky waves that can be detected with transducers placed on the skinhessuaycalled
axial transmission technique. The right panel shows the transmissionMt& fuasi-
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plane wave in a transverse cortical experimental configuration. Circanifal guided
waves propagating in the cortex are shown together with a wave froctlgliteansmit-
ted through the medullary canal.

5 mm

Fig. 5. The figure illustrates Finite-Difference Time-Domain (FDTD) sirtiales of wave propagation

through bone specimens immersed in water. Such simulations are thutreimg performed on numer-

ical models of bone by coupling a FDTD code with numerical three-dimneak (3-D) bone structures
reconstructed from X-ray computed tomography data acquisitions.

Of noticeable interest is the computation of wave propagation through larse
bone (Left panel of Fig. 6). Cancellous bone is a poroelastic and sipheedium com-
posed of an elastic skeleton (trabecular network) filled with a viscous thaidg mar-
row in vivo, or waterin vitro). Theoretical models using the Biot theory [26—28] have
been applied to cancellous bone [29-40] with some success. Briefly,idtie Bodel
predicts the existence of two longitudinal waves. However, Biot's theoeggnts sev-
eral shortcomings in that it requires a large number of parameters thabakaown
with accuracy [41, 42] and is limited by its inability to accurately model the complex
anisotropic and heterogeneous three-dimensional (3-D) bone miats&guTo over-
come the technical difficulty of analytical modeling, we have recently turndihite
difference time domain (FDTD) computational bone models. The simulationgprdd
the existence of two compressional waves [25, 43] (Fig. 6). Fastsaarnemostly re-
lated to a propagation mode mainly involving the solid phase, whereas slovs asye
related to the fluid phase. Therefore, the arrival time (and also the amplatithe fast
wave is simply determined by the velocity times the distance of propagation in bone
tissue. This propagation length is in turn determined both by bone volume fraati
anisotropy of the structure. Short path length through the trabeculatigteyeither due
to a weakly anisotropic structure or to a highly porous specimen) resultsaist avéve
front with low amplitude and arrival time too close to that of the slow wave. &foee,
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for short path length through the trabecular structure the fast wawddshemain un-
detectable. The detection of the fast wave requires the propagationwéteethrough
a sufficient amount of trabecular structure, which depends on thdistuiorientation
of the structure and on the bone volume fraction. These results provégeidgights
into the propagation in poroelastic media and open interesting perspectivels tioe
characteristics of the fast wave to microstructural features.

Direction of wave
propagation

Slow wave

Fast wave

Fig. 6. Snapshot of the wave propagation through cancellous boedifidction of wave transmission is

indicated. Fast waves are mostly related to a propagation mode involvirsplidephase, whereas slow

waves are related to the fluid phase. A relationship was found betweenasiteblene volume fraction
required for the observation of non overlapping waves and the de§eegsotropy.

Computer simulation therefore resembles experiments in a virtual laboratory with
independent control over each bone parameter. Virtual scenarisseafporosis for in-
stance can be easily implemented, and used to form a comprehensivetandierg of
bone ultrasonic properties and their relation to bone biomechanical cornpdiet],
help validate or refute theoretical approaches, and probe new expeésincenfigura-
tions.

6. Conclusion

Although the methodology for assessing bone properties using ultrasoumatch
less developed to date than with x-rays, the potential of ultrasound exemioksyond
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the currently available techniques and is largely unexploited. Many nexg afénves-
tigation are in preliminary stages, though. Most active research is caieith QUS
to develop new measurement modes, access to the central skeletonxiqi, raul-
tiple propagation modes or extend the frequency range of the measurefiletiiese
new developments should result in new QUS variables and systems, whipledo
with adequate propagation models, would be able to provide information oniahater
structural properties other than density, and ultimately on osteoporottarfeadsk.
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