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Nonlinear acoustic measurements to assess
crack density in trabecular bone

Guillaume Renaud *, Samuel Callé, Jean-Pierre Remenieras,
Marielle Defontaine

Université Francois Rabelais, Laboratoire UltraSons Signaux et Instrumentation,
CNRS FRE 2448, 10 Boulevard Tonnelle, 37032 Tours cedex 1, France

Abstract

Three methods to measure qualitative and quantitative aspects of bone nonlinearity
were investigated in the context of diagnosis of bone “biomechanical health”: i.e.
harmonic generation, parametric emission and parametric reception using phase
modulation. Trabecular bone exhibited hysteretic nonlinear behavior due to micro-
cracks in bone tissue, and parametric reception using phase modulation seemed to
be the best configuration for in vivo application. However, the relationship between
level of nonlinearity and crack density needs to be validated by histological analysis.

Key words: Acoustic waves interactions, Harmonic generation, Nonlinear
elasticity, Microdamage, Bone
PACS: 43.25.Ba, 43.25.7Zx, 43.80.Qf

1 Introduction

It is possible in the skeleton to distinguish between cortical bone with low
porosity (less than 30%) and trabecular bone with high porosity (more than
70%). As most bone fractures in the elderly occur in trabecular bone, this
study focused on this type of bone, particularly the heel bone. Trabecular
bone is a spongy bi-phasic material with connected porosity. Its solid phase
consists of a connected network of bone tissue rods known as trabeculae.
Porous spaces are filled with marrow (mostly fat). The clinical diagnosis of
bone fragility is currently performed using X-ray measurements which pro-
vide imaging of bone mineral density. This quantitative assessment, similar
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to porosity measurement, accounts for 60-70% of variation in bone strength
[1]. However measuring the amount of material in a porous structure is not
enough to evaluate its strength. It also depends on the spatial arrangement
of the material and on the mechanical characteristics of the bone tissue. Fur-
thermore, it is well known that cracks typically of tens to hundreds of pym in
size are generated in bone tissue by daily loading. Figure 1 shows different
types of common bone microdamage. In healthy bone, damage is repaired by
continuous bone remodeling. When an imbalance in this process occurs, cracks
can accumulate.

1%

Fig. 1. Four types of damage in trabecular bone (grey areas represent marrow and
white areas represent bone tissue): (1) isolated crack, (2) cross-hatched cracks, (3)
diffuse damage and (4) broken trabeculae: The field of view is about 1.5 mm wide.

Crack surface density, measured by histological analysis using staining tech-
niques [3], and the associated standard deviation increase with age [8] [13] [30].
Whereas crack surface density is below 1 crack per mm? in young healthy peo-
ple, it can reach values-above 10 cracks per mm? in elderly people. Whether
the increase in crack density is a cause or a consequence of the decrease in the
bone toughness properties with age is still not resolved [2] [23] [31].

Linear ultrasound-imaging techniques have been developed to image trabecu-
lar bone velocity and attenuation [6]. These techniques are nonetheless al-
most insensitive to progressive induced damage [18]. On the other hand, it
is now well established that inhomogeneous materials, with soft mesoscopic
flaws embedded in a rigid matrix, exhibit strong nonlinear quasi-static and dy-
namic behavior known as non-classical or hysteretic nonlinearity [9] [10] [20].
Non-destructive evaluation techniques are being developed to detect localized
damage in materials [25] [27] [29]. Nevertheless very few studies have been
performed on the relationship between crack density and level of nonlinearity
[19] [25] [11] [16].

Moreover, very few studies have been undertaken on bone nonlinearity. The



classical nonlinear quadratic parameter (§ (defined as poco (g—;), where pg is
the density of the medium and p the acoustic pressure) was found to range
between 80-120 in bovine trabecular bone [24], whereas (3 does not exceed
7.5 (PMMA) in homogeneous material [12]. Hysteretic nonlinearity has been
clearly observed in bovine and human cortical bone using nonlinear resonance
ultrasound spectroscopy [14] [15]. One interesting point is that the nonlinear
hysteretic parameter «, related to the resonance frequency downshift, increases
overall with age as well as its dispersion. This trend is similar to the increase
in crack density with aging in trabecular [8] and cortical bone [22]. Crack den-
sity is probably a mirror of the ”biomechanical health” of bone tissue and the
increased dispersion with age probably reveals disparities in nutrition, phys-
ical activity and diseases. Several features have been identified to improve
understanding of the relationship between the level of nonlinearity and crack
density. These include the effects of preferential orientation of cracks and the
relative nonlinear contributions of different types of damage in bone:

We propose three different modalities to measure trabecular bone nonlinear-
ity in this context in order to image crack density in future studies. Such
noninvasive methods would be valuable for in vitro biomechanical studies, to
understand how microcracks impact on the biomechanical properties of bone
and for in vivo monitoring of crack accumulation (to date only possible by
biopsy).

The following sections comprise a brief technical presentation and experimen-
tal results obtained from harmonic generation, parametric emission and para-
metric reception using phase modulation.

2 Method 1 : Harmonic generation

One way to investigate the nonlinearity exhibited by a material consists of in-
creasing monofrequency excitation and observing the dependence of harmonic
amplitudes on the fundamental amplitude. According to theory, in the case of
weak nonlinear effects classical nonlinear materials have n“* harmonic ampli-
tude increasing with power n of the fundamental amplitude. Typical manifes-
tation of microcracks in damaged solids is the dominance of odd harmonics
and their almost quadratic dependence on pump amplitude [26].

2.1 Fxperimental method

Figure 2 describes the experimental set-up. We used a focused transducer to
generate a monofrequency wave at 400 kHz in a water tank. The width of the
focused beam at -6 dB was less than 1 cm. The amplitude of the transducer



excitation was increased from 30 to 160 V peak-peak. The fundamental and
harmonic pressures were measured by a needle hydrophone placed at 45 mm
along the axis of the transducer, where the fundamental, second and third
harmonics reach their maximum levels in water (figure 3). The experiment was
first performed in water without any sample. Marrow was then removed from
the bone sample and the experiment was conducted with a slice of defatted heel
bone (24 mm thickness) and a slice of porous ceramic (20 mm thickness) (see
Table 1 for more information on the samples). The samples were placed about
20 mm from the transducer so that the generation of harmonics occurred only
in the sample (figure 3). Because of the strong attenuation in both trabecular
bone and porous ceramic, the resonance effects in the sample were expected to
be very weak. Moreover, the reflection coefficient for acoustic pressure between
trabecular bone (considered as an effective medium) and water is 0.1.
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Fig. 2. Experimental configuration for harmonic generation.
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Fig. 3. Measurements of the pressure amplitude on the axis of the focused transducer
in water. Amplitudes of 2nd and 3rd harmonics are multiplied by 10 for better
readability.



2.2 Results and interpretation

The pressures of the fundamental, second, third and fifth harmonics measured
in water, through trabecular bone and through porous ceramic are plotted as
functions of the transducer voltage excitation in figures 4, 5 and 6, respectively.
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Fig. 4. Pressure levels measured in water at 45 mm for different levels of excitation.
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The maximum fundamental acoustic pressure measured in water (without



porous ceramic
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Fig. 6. Pressure levels measured in water at 45 mm behind the porous ceramic
sample for different levels of excitation.

sample) was 112 kPa, thus the hypothesis of weak nonlinear effects is valid.
The results obtained in water clearly showed classical nonlinear behaviors :
second, third and fifth harmonics behaved with slopes 2.08, 3.08 and 4.34,
close to the theoretical values of 2, 3 and 5, respectively. In contrast, trabecu-
lar bone and porous ceramic exhibited hysteretic nonlinearity characteristics
: amplitude of the third harmonic higher than that of the second harmonic
(despite very high attenuation due to scattering above 800 kHz, see Table 1)
and a power law close to 2, especially for the third and fifth harmonics. In
trabecular bone the second harmonic amplitude increased with power 3 of
the fundamental amplitude. This astonishing behavior was observed in dam-
aged materials. Some studies have reported that progressively induced damage
increases the power law relating the second harmonic with the fundamental
amplitudes, whereas the overall level of the third harmonic was increased,
without impacting on the power law [25].

The common velocity dispersion measured in trabecular bone is —26 m/s/MHz
in the frequency range 200-800 kHz [28]. In view of the small thickness of the
samples, dispersion effects may have little effect on harmonic generation.
Moreover harmonic distortion can be induced by the pressure-dependence of
the flow resistivity above a certain acoustic velocity threshold. After a certain
propagation distance, odd harmonics have higher amplitudes than even har-
monics. For example, Kevlar with porosity of 96% exhibits that behavior when
acoustic velocity exceeds 1 m/s [17]. In the present study, the acoustic velocity
did not exceed 8 cm/s and the mean pore diameter was larger in trabecular
bone (0.5-1 mm) than in Kevlar. We therefore assumed that this effect was
negligible in our experiments.



3 Method 2 : Parametric emission

An alternative way to investigate nonlinear characteristics of bone is paramet-
ric generation. We propose a method based on the combination of two focused
primary beams emitted at two slightly different frequencies (f; and f5) using
an annular array [7]. These primary waves, focused in the bone, create an
amplitude modulation giving rise to a low-frequency (LF) wave at fyr (equiv-
alent to the frequency difference of the two primary frequencies). An internal
stress field results from this LF excitation, and the acoustic response of the
object to this mechanical excitation is used to form the image. The LF acous-
tic field resulting from the vibration of the medium is detected by a sensitive
hydrophone and then used to form the image.

Two main physical phenomena are responsible for this LF wave generation:
the acoustic radiation force (due to reflection and attenuation) [7] and the
nonlinear interaction [4]. The overall low frequency field qzr can be expressed
as qrLF = Qrad + N1, Where q,.q represents the LF pressure originating from
the radiation force and qu;, represents the contribution of the LF nonlinear
interaction (parametric generation).

3.1  Experimental configuration

In a previous study [21] we reported that the choice of the focused annular ar-
ray depends on several parameters (e.g. the curvature of the annular array, the
frequency downshift ratio f;/f;r and the number of rings). Finally, a 1 MHz
array with 4 rings and a focusing gain (G) of 16.14 per element was an accept-
able compromise between sensitivity and resolution for parametric generation
[4]. The two odd rings emit at f; and the two even rings emit at f,. The focal
distance and the probe diameter were 6 cm and 8.32 cm, respectively. In this
configuration, the LF field resolution at the focus is in the same range as the
primary field resolutions [5]. The LF resolution (1 mm) corresponds to the
lateral resolution of our system, which is promising for image construction.
Figure 7 presents the experimental set-up: the bone slice faces the transducer,
and the LF hydrophone linked to the transducer is beside the object.

3.2 In vitro heel bone imaging

Due to both the overall resonance frequencies and the local bone properties,
the LF pressure amplitude does not vary simply according to the choice of f;
[5]. The optimal frequency of 76 kHz was therefore chosen for the later heel
bone images. Figure 8 represents the image of the LF pressure amplitude in the
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Fig. 7. Experimental set-up of the parametric emission method.

medium plane of a 19 mm thick human heel bone slice (figure 9). The spatial
resolutions related to displacement steps were 300 pym in both directions. The
central frequency was 800 kHz to minimize attenuation effects in the bone.
The image clearly shows the trabeculae framework. The cortical outlines of
the heel are also clearly demonstrated. Moreover, we can see that the white
areas of the image (large parametric amplitude) at the bottom of the heel
bone correspond to the region in contact with the ground, which undergoes
daily loading. Such areas could contain many microcracks.

(Pa)

Fig. 8. Amplitude of the parametric LF wave re- Fig. 9. Photograph of the human
ceived by the hydrophone. heel bone slice.

3.3 Interpretation and discussion

The radiation force resulting from the combined primary fields at frequen-
cies f; and fy is one source of LF stress in the object [7]. However, we have
already reported that a LF field is created by the nonlinear interference of
the two primary beams inside the propagating medium [4]. This field, directly
related to the coefficient of nonlinearity 3, may then propagate, scatter and
be reflected on the LF contrast sources of the object and thus provide a mea-
surable radiating field. In the above study the LF acoustic response of tissue
varied with tissue type and with the choice of the difference frequency, in-
dicating that this is potentially a valuable tool for bone investigation. The



main advantages of this method compared to other ultrasound bone imaging
methods are: (i) the non-transmission mode, which for instance allows in vivo
imaging of the neck of femur, and (ii) its high lateral resolution. Moreover, we
reported that the creation of this internal force in our conditions depended
on the attenuation and impedance (radiation force term) and the nonlinear
coefficient (nonlinear interference term). In practice, the contribution of the
preponderant phenomenon (radiation force or NL interaction) has not been
clearly established, since it strongly depends on the type of tissue being stud-
ied and is particularly difficult to estimate in bone. Thus, although the LF
signal is partly linked to the coefficient of nonlinearity 3 and hence is larger
for bone regions affected by microcracks, this technique does not exclusively
provide information about microdamage.

4 Method 3 : Parametric reception using phase modulation

The third modality proposed to measure nonlinearity in trabecular bone is
parametric reception using a phase modulation method.

4.1  Ezperimental method

In this method a low-frequency wave (frp = 150 Hz) and a high-frequency
wave (fyr = 800 kHz) are transmitted in the medium in perpendicular direc-
tions and cross in the sample immersed in water (figure 10). The LF wave is
generated by an 8 cm diameter circular piston fixed to a shaker while the HF
wave is emitted by a plane transducer. Nonlinear interactions in the water and
in the sample generate two parametric waves at the sum and difference of the
two primary frequencies f;r and fgy . If those parametric frequencies belong to
the bandwidth of the HF receiver, this can be interpreted as a modulation of
the HF wave phase. The propagation velocity of the HF wave in the medium
is modulated by the LF wave due to nonlinearity.

Because of the high primary frequency ratio fyr/frr, and if the interaction
distance is much less than the LF wavelength, the LF acoustic disturbance
appears to be quasi-static for the HF wave. Considering two plane waves inter-
acting along the distance L. in a homogeneous medium, the phase modulation
is given by integration of the wave number along the interaction distance :

_ 27 fur LB
= ——vy
02

(1) F(t),

where ¢, § and vy are the propagation velocity, the classical quadratic non-
linear parameter and the LF acoustic velocity, respectively. § is defined as



£ (%_i)o’ where pg is the density of the medium and p the acoustic pressure.
Thus, according to classical nonlinear theory, the phase modulation has the

same temporal form as the LF acoustic velocity.

Synchronization

Signal generator
| Signal generator (150 Hz)
(800 kHz) Shaker
N (150 Hz) <«  Amplifier
Amplifier

Phase
> demodulation

Receiver
(plane transducer)

plane transducer
(800 kHz)

Water tank

Fig. 10. Experimental configuration for parametric reception.

If we insert a sample (as presented on figure 10) of different density, velo-
city and nonlinear parameter in a water tank, the phase modulation is now
expressed by :

_ 27TfHF(L - Lsample)ﬁwater

Qb(t) P UL Fwater (t)
Cwater
27 faF LsampieBsampl
+ ;amp Lo Twater—sampleULFwateT (t> )
Csample

where T'yater—sampie 15 the transmission coefficient for acoustic velocity given
by :
2Zwater

Zwater + Zsample7

where Zyaer and Zggmpie are the acoustic impedance of water and the sam-
ple, respectively. The experiment consisted of measuring the increase in phase
modulation-as a function of the LF wave amplitude. Repeating the protocol in
water (without sample) and with a sample provided the ratio Bsampie/Bwater-
Because the LF pressure amplitude is proportional to the inverse of the dis-
tance from the piston, the sample was placed as close as possible to the piston
and the HF beam axis was thus 2.5 cm below the piston. The maximum LF
pressure amplitude measured in water, corresponding to a 300 mV peak-peak
excitation of the transducer, was 2000 Pa in the cross-section of the LF and
HF beams. The pressure under the LF piston was nearly uniform at 2.5 cm
under the piston, except near the edges. The HF wave was received by a plane
transducer after propagation through the sample. The phase modulation am-
plitude was obtained by numerical analysis. The signal was band-pass filtered
around 800 kHz to suppress noise, then the phase of the received signal was

Twaterfsample =

10



calculated by Hilbert transform and phase unwrapping. Finally the slope of
wt was subtracted and the modulation contribution remained. The mean am-
plitude of the phase modulation was calculated using Fast Fourier Transform
analysis. The phase noise level was below 0.5 mrad.

4.2  Results

By performing the experiment in water, i.e. without a sample, and with a
sample placed in the cross-section of the two beams, it is possible to evaluate
the nonlinear parameter of the sample. The phase modulation amplitude is
reported as a function of the LF wave amplitude on figure 11. We found g =
14 for Plexiglas (PMMA), whereas the usual value is 7.5. This over-estimation
was probably due to reflections inside the Plexiglas sample. Attenuation was
weak (Table 1) and the reflection coefficient for acoustic velocity was 0.38. Cu-
mulative effects can occur and enhance the phase modulation. These effects
may be negligible in trabecular bone and porous ceramic because of strong
attenuation. Considering the bone and ceramic samples as effective media, we
found (3 values of 36 and 3400, respectively.

0.15- -
O water (slope 2.85e-5) b
o
X plexiglas (slope 2.92e-5
s plexiglas (slop ) =
g \V trabecular bone (slope 9.67e-5) =
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voltage excitation at input of shaker amplifier (mV peak-peak)

Fig. 11. Results for phase modulation obtained for water (without sample), Plexi-
glas, trabecular bone and porous ceramic. The noise level was measured around 1
mrad.

As the nonlinear effects happened mainly in the solid phase, the correspond-
ing 7 had to be estimated using the solid phase properties instead of the
effective media properties (Tiyater—sampies Csampte A Lgampre) (see Table 1). We
then obtained ( values of 440 and 24000 for trabecular bone and porous ce-
ramic, respectively. Porous ceramic exhibited a much higher nonlinear param-
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eter than trabecular bone. Bone tissue comprises 70% calcium hydroxyapatite
crystals and 30% organic collagen fibers (in volume) whereas porous ceramic
comprises only industrially made calcium hydroxyapatite crystals. This mate-
rial used in surgery may not contain microcracks. It is composed of juxtaposed
grains (like rocks) of typical size in the order of 1 ym. For higher LF wave am-
plitudes (above 2000 Pa) phase modulation increased with different nonlinear
behaviors that require further investigation.

Table 1
Characteristics of samples and experimental results.

water | Plexiglas | trabecular bone | porous ceramic

porosity (%) 90 75
solid phase density (kg/m?) 1000 1180 1900 3100
solid phase velocity (m/s) 1480 2700 3000 5500
effective density (kg/m?) 1090 1525
effective velocity (m/s) 1650 4000
B3 (effective medium) 2.5 14 36 3400
thickness (mm) 24 24 20
B (solid phase only) 440 24000
thickness of  solid phase = 11 13
thickness x porosity'/3 (mm)

sample attenuation, 400 kHz (dB/cm) || 0.0003 2 7 18
sample attenuation, 800 kHz (dB/cm) || 0.0013 3 20 36
sample attenuation, 1.2 MHz (dB/cm) 0.003 5 30 50

5 Discussion and conclusion

The aim of this preliminary study was to define the best method(s) to measure
and scan trabecular bone acoustic nonlinearity. The measurement of second
and third harmonic amplitudes as functions of the fundamental amplitude
provided valuable information and the second harmonic slope and the level
of third harmonic may provide qualitative and/or quantitative information
about microdamage. The fundamental frequency must not exceed 400 kHz to
limit attenuation and velocity dispersion. Nevertheless, this technique needs
fairly large fundamental amplitudes, especially for in vivo application. Soft
tissue and the dense cortical shell of the heel bone (which was removed in
this study) add an attenuation of 10 to 15 dB before the wave reaches the
trabecular bone area, meaning that three to six times more than the 112 kPa

12



used in the present study is necessary. To avoid biological thermal effects, the
acoustic pressure amplitude must not exceed 0.5 to 1 MPa for a long 400 kHz
burst (tens of milliseconds), although the threshold was in fact not clearly
established. Moreover, harmonics are also attenuated by 10 to 15 dB when
propagating through the cortical shell and soft tissue, i.e. from trabecular
bone to water surrounding the heel. This means that the fundamental pres-
sure amplitude required (in water before propagating in the heel) would be
around 1 MPa. Although this configuration is not appropriate for in vivo ap-
plication, it is a simple experimental set-up for in vitro studies.

The parametric generation configuration presented the same drawback. Reso-
nance effects can be used to enhance the level of the parametric wave (as in the
present parametric emission experiment). Nonetheless, evaluation of the gain
due to resonance for each point is necessary to interpret two different values
measured in two regions of the bone. Perhaps an ad hoc parametric frequency
should be chosen for each point of the scan. The maximum variation in ul-
trasound velocity measured in a heel bone is approximately 300 m/s (typical
velocities are in the range 1700-2000 m/s). However, we previously reported
that in whole heel bone the surrounding cortical surfaces directly influence
propagation of the primary wave and provide an image that is more related
to relief than to the internal structures [5]. Several effects related to reflection
and attenuation on complicated bone shape make the images smoother and
more difficult to interpret. However, it is currently difficult to prevent these
effects.

In contrast to the other two methods, parametric reception using the phase
modulation method does not need a_high level of energy. Measurement of
the phase modulation at a given LF pressure showed a small standard devia-
tion, but the accuracy and reproducibility of the parametric reception method
require evaluation. Moreover, the nonlinear behaviors of the increase in the
phase modulation need to be investigated for higher LF pressures. Measure-
ment of the second-order phase modulation induced by parametric frequen-
cies fgp£2f; r must also be studied. The amplitude of the second-order phase
modulation is proportional to the hysteretic nonlinear parameter « [26] and
may provide different information on bone microdamage. Impact can be used
instead of a LF wave and this was tested for nondestructive evaluation applica-
tions [25]. Further study is also needed to establish which of the two methods
is the most accurate. Parametric reception using phase modulation is thus the
best configuration to measure in vivo bone acoustic nonlinearity in order to
assess crack density. Phase modulation will be measured using focused rather
than plane HF transducers to study spatial variations. The relationship be-
tween levels of acoustic nonlinearity and crack density needs to be validated
by histological analysis.
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