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Abstract—In the process of fracture healing, several phases
of recovery are observed as the mechanical stability, continuity
and normal load carrying capacity are gradually restored. The
ultrasonic monitoring and discrimination of different healing
stages is a complex process due to the significant microstructure
and porous nature of osseous and callus tissues. In this study,
we investigate the influence of the callus pores’ size and
concentration on ultrasound propagation in a long bone at a
late healing stage. Different excitation frequencies are applied
in the range of 300 kHz — 1 MHz. A 2D geometry is developed
and axial transmission calculations are performed based on a
Finite Element Method. The velocity of the first arriving signal
(FAS) and the propagation of guided waves are used as the
estimated parameters. It was shown that the FAS velocity can
reflect callus porosity changes, while the propagation of guided
waves is sensitive to pores’ distribution for higher frequencies.

[. INTRODUCTION

Nowadays, quantitative ultrasound is considered as a
promising technique for the diagnosis and monitoring of
bone pathologies. However, the significant nonhomogeneous
and porous nature of bone induces multiple scattering
phenomena which cannot be estimated experimentally. To
this end, several research groups have performed numerical
simulations of ultrasound propagation in osteoporotic and
healing bones in order to provide supplementary information
to experimental findings and give insight to complex
ultrasound propagation phenomena [1-12].

Concerning the ultrasonic evaluation of the bone healing
process, the velocity and attenuation of the first arriving
signal (FAS) have been used as the main estimated
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parameters [1-12]. It was observed that the FAS velocity
and attenuation depend on the plate thickness and fracture
geometry [3—6]. Also, in [2—6] the FAS velocity was shown
to decrease during the first healing stages and to increase as
the material and geometrical properties are gradually
restored. Additionally, in [7, 10, 11], the propagation of
guided waves was investigated as an advanced monitoring
means of bone healing. It was found that bone anisotropy
and geometry irregularity, as well as the material and
geometrical changes of callus influence the propagation of
guided waves. On the other hand, the FAS velocity was not
affected by the irregularity and anisotropy of bone.

More recently, the research interest has been focused on
the development of more realistic computational models of
fractured long bones based on imaging techniques [13—15]
and analytical methods [10, 12, 16]. Scanning acoustic
microscopy (SAM) and micro-computed tomography are the
most popular imaging techniques that can provide material
and geometrical properties of the tissues with spatial
resolution within the micrometer range. In [7, 14] the
porosity distribution of callus was examined at different
healing stages using SAM. A decrease of callus porosity was
observed as healing progressed, while the cortical porosity
was found to increase [14]. Moreover, wave dispersion and
attenuation estimations showed that the role of scattering,
material dispersion and absorption phenomena is more
significant during the early healing stages [7, 16].

In this study, we present computational models of a
healing bone corresponding to a late healing stage to
investigate the influence of different pores’ sizes and
concentrations on ultrasound propagation. For investigating
the influence of porosity alone on wave propagation, we
made comparisons with cases of cortical plates with different
levels of porosity. Calculations of the FAS velocity and the
propagation of guided waves are performed for different
excitation frequencies. It was found that for all frequencies
the FAS velocity is significantly influenced by the porosity
distribution, while the features of guided waves depend on
the excitation frequency.

II. MATERIALS AND METHODS

A. Model Geometry

The geometry and the material properties of the
computational models were derived from [7] and correspond
to a healing bone at the 9™ week of consolidation from an
animal study [14]. The cortical bone thickness was 4 mm
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and the callus region 3 mm. Callus was considered as a
composite medium consisted of a matrix material including
spherical blood scatterers. The scatterers were randomly
distributed in the callus region. Two series of calculations
were performed. In the 1% series (Fig. la), cortical bone
was considered as a compact medium and five cases were
examined for different callus porosity distributions : i) callus
porosity 0% (Problem 1), ii) callus porosity 22.70 %, pores’
diameter 120 um (Problem II), iii) callus porosity 22.70 %,
pores’ diameter 240 um (Problem III), iv) callus porosity
11.35%, pores’ diameter 120 um (Problem IV), v) callus
porosity 11.35 %, pores’ diameter 240 um (Problem V). In
the 2™ series (Fig. 2b), the callus region was ignored and
cortical bone was all considered as a composite medium with
blood scatterers with: i) porosity 11.35%, pores’ diameter
120 pum (Problem VI), ii) porosity 11.35%, pores’ diameter
240 pm (Problem VII). This series was used in order to
analyze the influence of porosity alone on the characteristics
of wave propagation. The case of intact bone was also
considered. Table I summarizes the material properties
assigned to cortical bone, callus and blood.

B. Ultrasound Configuration

Concerning Problems I-V, axial-transmission calculations
were performed by placing one transmitter and one receiver
on each side of the fracture gap directly onto the cortical
bone surface. The transducers’ size was set to 2 mm, their
center-to-center distance was 25 mm and they operated in the
longitudinal mode. The same configuration was used for
Problems VI-VII. Fig. 1 presents the ultrasound
configuration for the two series of calculations.

C. Boundary Conditions

Absorption elements were considered at the ends of
cortical bone to simulate an infinitely long plate and neglect
reflection from the boundaries.

D. Numerical Simulation and Signal Analysis in the Time
Domain

The numerical solution of the 2D wave propagation
problem was carried out using the Finite Element Method.
In order to describe the propagation of ultrasonic waves in
plates, a model of forced vibration was used:

[M]{u}+[ D)4} + [ K] {u} = {P(2)} @
where [M] is the mass matrix, [ D] is the dumping matrix,
[K] is the stiffness matrix, {ii} is the acceleration vector,
{u} is the velocity vector, {u} is the nodal displacement

vector of the particles and { P(r)} is the vector of the

excitation force [18].

A triangular element type was selected to achieve a
reasonable time and memory cost, and the element size was
set to 1 <A/10, in which A is the wavelength. Also, 512 equal
timesteps were applied according to the criterion:
At < 1/(10x f), in which f denotes the central frequency.
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Fig. 1. Ultrasound configuration for: a) the Ist series of calculations
(Problem II), the 2" geries of calculations (Problem VII).

These restrictions were applied to acquire a stable analysis,
conformed to the Courant—Friedrichs—Lewy condition.

A Hanning sine pulse was used as the excitation signal.
The examined central angular frequencies were 300 kHz,
500 kHz and 1 MHz for the 1* series of calculations and the
excitation signal included four sinusoidal cycles in the pulse.
The central frequencies of 300 kHz and 500 kHz were also
examined in the 2™ series of calculations. The duration of
the simulated signals recording was 30 ps. In order to detect
the FAS a threshold was used, corresponding to the detection
of the first signal extremum.

E.  Analysis of the propagation of guided waves

All the measured waveforms were subjected to time-
frequency (¢, /) analysis in order to investigate the influence
of the callus and cortical porosity distribution on the
propagation of guided waves. The Reassigned Smoothed-
Pseudo Wigner-Ville (RSPWYV) distribution was used and
frequency-group velocity (f, c,) dispersion curves were
calculated for the plate model based on the Lamb wave
theory [6, 7]. For all the examined problems and excitation
frequencies the (f, c,) dispersion curves were superimposed
to the (t, f) representations. In Fig. 3, analytically derived
Lamb dispersion curves of the first three symmetric (denoted
as S0, S1, S2) and antisymmetric modes (denoted as A0, Al,
A?2) are illustrated corresponding to excitation frequency 1
MHz for the 1 series of calculations.

III. RESULTS

Fig. 2 presents the FAS velocity calculations for the 1%
series of calculations corresponding to a healing bone. The
highest FAS velocity measurements were observed for
Problem I corresponding to the case of a homogeneous
callus region. On the other hand, the lowest FAS velocity
values were measured for Problems II and III corresponding
to the highest porosity concentrations. It is also shown that
the velocity values computed for Problems II and III, as well
as for problems IV and V approximately coincide.

Concerning the frequency dependence of ultrasound
propagation, the lowest FAS velocity values were calculated

TABLEL MATERIAL PROPERTIES

Bone Callus Blood
p (kg/m®) 2016.2 1881.1 1055
E (GPa) 30.3 21.1 0.003
A (GPa) 17.5 12.2 2.63
p (GPa) 11.7 8.1 0

685



for the central frequency of 300 kHz, while the highest
values were observed for 1 MHz. Particularly, the FAS
velocity calculations were in the range of: i) 2884 — 2944
m/s for 300 kHz, ii) 3227 — 3308 m/s for 500 kHz, iii) 3547
— 3634 m/s for 1 MHz. All calculations were lower in
comparison to the case of intact bone.

The RSPWYV distributions of the signals obtained by using
an excitation frequency of 1 MHz are illustrated in Fig. 3, in
which we have also superimposed the dispersion curves of
Lamb modes. The symmetric modes (SO, S1, S2) are
illustrated with a solid, white line, while the antisymmetric
modes (A0, Al, A2) with a dashed, white line. The modes
S2 and Al are seen in all images, whereas the A2 mode is
clearly observed in only in the cases of Problem I and intact
bone showing a different energy distribution in comparison
to other examined problems. Different observations were
made for the other excitation frequencies which are not
illustrated herein. Specifically, for excitation frequency 300
kHz the lower order modes A0 and A1 were mainly detected
in all the examined problems showing no significant
differences for different porosity distributions. Also, similar
findings were observed for excitation frequency 500 kHz in
which the SO and A1 modes were the dominant modes.

In the 2™ series of calculations, FAS velocity was: a) 2777
m/s for Problem VI and 2701 m/s for Problem VII for
excitation frequency 300 kHz, b) 3035 m/s for Problem VI
and 3004 m/s for Problem VII for excitation frequency 500
kHz, showing an about 10% decrease compared to the intact
cases of the same frequency, whereas the change of the
sphere radius, for a specific frequency, had an influence less
than 2%. Similar features were observed for the RSPWV
distributions of the signals derived for Problems VI and VII
(not shown in Figs. herein). Specifically, for excitation
frequency 300 kHz the A1 was the dominant mode in both
examined problems, while the SO mode was mainly detected
for excitation frequency 500 kHz.

IV. DISCUSSION

In the present study, we investigated the influence of the
callus pores’ size and concentration on the propagation of
ultrasonic waves in a healing long bone. A simple 2D
geometry was developed in which callus was considered as a
composite medium consisted of a matrix with spherical
scatterers. For comparison purposes the influence of cortical
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Fig. 2. FAS velocity calculations for different callus porosity distributions
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porosity on wave propagation was also investigated. FAS
velocity calculations and analysis of the propagation of
guided waves were performed for different frequencies and
porosity distributions of cortical bone and callus so as to
give insight to the multiple scattering phenomena occurring
at deeper layers of bone and determine quantitatively the
interaction of ultrasound with the microstructure of callus.

It was shown that the FAS velocity increases with
increasing frequency, which is in agreement with our
previous findings [10]. Moreover, the highest FAS velocity
values were measured in the case of Problem I corresponding
to a homogeneous callus region. This is attributed to the
presence of the spherical scatterers which provokes the
attenuation of the signal, increasing thus the time of arrival at
the receiver. Also, this is reasonable as the propagation
velocity in blood is lower in comparison to the callus tissue.
Higher FAS velocity values were observed for lower
porosity concentrations (Problem IV, V), which however
remained lower in comparison to Problem 1.

Another significant conclusion was drawn for Problems II
and III, as well as Problems IV and V, having the same
porosity concentration and different pores’ diameters. In
these cases, FAS velocity calculations were approximately
the same. This reveals that changes in callus porosity
concentration have a more significant influence on the
propagation of the FAS velocity in comparison to changes in
the diameter of the scatterers. Nevertheless, FAS velocity
calculations for Problems VI and VII revealed that the
scatterers’ diameter plays a key role on FAS velocity when
larger porous areas are examined such as the whole surface
of cortical bone.

Guided wave analysis was also presented for different
excitation frequencies. More particularly, for the excitation
frequency of 1 MHz it was shown that for Problem I the S2,
A2 and Al are clearly detected in comparison to the other
examined problems. On the other hand, for lower excitation
frequencies the guided wave propagation features remained
almost the same, despite the changes in callus porosity
distribution. This indicates that higher frequencies should be
applied to study scattering and absorption phenomena in
media with significant microstructure such as a healing bone.

However, the assumption that a healing bone is an
isotropic, 2D medium is not realistic. Moreover, the same
diameter was assigned to the scatterers and the influence of
porosity distribution on ultrasound propagation was
investigated only for the case of one single healing bone. In
our future study, different healing stages will be examined.

V. CONCLUSIONS

In this work, we presented 2D simulations of wave
propagation in a healing long bone for different porosity
distributions and frequencies. Therefore, it could be regarded
as a starting point for the future interpretation of FAS
velocity measurements and guided wave propagation in more
realistic, inhomogeneous and anisotropic numerical models
of healing bones.
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