Journal of the Serbian Society for Computational Mechanics / Vol. 2 / No. 2, 2008 / pp. 1-15

UDC: 004.92:616-001.5

Ultrasound Velocity Measurements on Healing Bones Using the External
Fixation Pins: A Two-Dimensional Simulation Study

M. G. Vavva', V. C. Protopappas’, D. I. Fotiadis*", K. N. Malizos™*

"Dept. of Material Science and Engineering, University of Ioannina, Greece
mvavva@cc.uoi.gr
2 Dept. of Computer Science, Unit of Medical Technology and Intelligent Information Systems
University of Ioannina, Greece.
vprotop@cc.uoi.gr
? Institute of Biomedical Research and Technology, Center for Research Technology-Thessaly,
Larissa, Greece
4 Dept. of Orthopaedics, Medical School, University of Thessaly, Greece
malizos@med.uth.gr
*Corresponding author

Abstract

Quantitative ultrasound has been largely used for the evaluation of fracture healing in long
bones. The propagation velocity across the fracture has been proved to be a quantitative
indicator of healing. In this work, we perform a feasibility study of an alternative ultrasonic
configuration in which two of the pins of an already applied external fixation device are used as
a means of ultrasound transmission and reception. To test and evaluate the applicability of the
technique in monitoring the fracture healing course, velocity measurements are performed on
two-dimensional (2D) models of intact and healing bones. Comparisons are then made with the
traditional percutaneous application and a newer one, the so-called transosseous application.

The effect of a non-perpendicular pin insertion on the velocity is finally investigated by
assuming various combinations of pin inclination angles. It was found that measurements of the
ultrasound velocity through the pins result in higher values due to the fact that the waves travel
also along the metal pins whose bulk velocity is higher that of the bone. However, the velocity
was increased during healing and this trend was unaffected by any pin inclination angle. In
conclusion, the proposed method can offer practical advantages in-vivo but also suffers from
highly attenuated received signals. Therefore, clinical trials are needed before it is proposed for
clinical use.

Keywords: 2D bone models, bone fracture, fracture fixation pins, ultrasound simulations

1. Introduction

Bone fracture is a common skeletal trauma which occurs when bone is subjected to loads that
exceed the limits of bone strength and stiffness. Fracture treatment aims at restoring bone’s
integrity and stability in a short time and commonly involves realignment and immobilization
of the fracture bone segments. In clinical practice this can be achieved by employing alternative
skeletal fixation devices (i.e. internal or external), which provide fracture stability depending on
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the fracture characteristics and the magnitude of tissue damage. Bone fracture healing is a
complex regenerative process including the formation and gradual consolidation of the fracture
callus tissue. Progressive differentiation and ossification of the callus tissue are fundamental
processes of the healing course which occur until the bone regains its initial biomechanical
function, structural integrity and geometry. The need for early detection of possible
complications during healing and for accurate assessment of the endpoint of the process,
necessitate the development of quantitative techniques for monitoring bone healing.

Quantitative ultrasound is considered as a significant tool for the evaluation of bone
properties and has been largely used for the assessment of osteoporosis and to a lesser extent for
the monitoring of the fracture healing process. The axial transmission technique is the most
suitable approach for the examination of long bones such as tibia and radius. Typically a
transmitter and a receiver are placed along the bone axis on each side of the fracture site. In
most applications the transducers are placed on skin (i.e. percutaneously). The ultrasonic waves
propagate along the bone axis and their velocity is determined by the transit time of the first
arriving signal (FAS) to the receiver. Animal (Abendschein et al. 1972) and clinical studies
(Cunningham et al., 1990, Gerlanc et al. 1975) using the percutaneous transducer configuration
have demonstrated that the gradual changes in the callus’ structural and mechanical properties
lead to an increase of the propagation velocity and when bony union is achieved, the velocity of
the FAS exceeds 80% that of the contralateral intact bone (Protopappas et al. 2008). In a recent
animal study we introduced a transosseous application in which the transducers are implanted
into the fracture region and placed directly on to the bone surface (Protopappas et al. 2005). The
FAS velocity was again found to increase during the healing process.

The recent introduction of computer simulations in the ultrasonic characterization of bone
has further extended our understanding about the parameters that affect ultrasound velocity
measurements (Kauffman et al. 2008, Moilanen et al. 2008). Initial computer simulations
investigated the relationship between the FAS velocity and the thickness of the bone cortex
aiming at the diagnosis of osteoporosis (Bossy et al. 2002, Bossy et al. 2004a, Nicholson et al.
2002) by modeling the bone as a 2D plate. It has been demonstrated that when the plate
thickness is larger than the wavelength in bone the FAS wave corresponds to a lateral wave
propagating along the subsurface of the medium at the bulk longitudinal velocity. In the context
of bone healing, computational simulations on free 2D and 3D models of healing bone showed
that the ultrasound velocity increases throughout the healing process (Protopappas et al. 2006,
2007; Vavva et al. 2008). Furthermore, transosseous measurements on extended 2D models (in
terms of more realistic boundary conditions) made clear that the presence of the overlying soft
tissues slightly affects the velocity variation during healing (Vavva et al. 2008). Two recent
studies on 2D models showed that for small fracture gaps the amplitude of the FAS is sensitive
to the mechanical changes which occur at the initial stage of the healing course, suggesting that
it could also be used for monitoring purposes (Dodd et al. 2006, 2008). Additional simulations
on oblique fractures also revealed that the amplitude as well the transit time of the FAS are
influenced by type of fracture (Dodd et al. 2008).

In most of the percutaneous applications, the thickness of the overlying soft tissues is
unknown resulting in an inaccurate determination of the FAS propagation path from the
transmitter to the receiver. The effect of the overlying soft tissues has been addressed by the
introduction of scanning techniques in which the receiver is progressively shifted away from the
transmitter (Bossy et al. 2002, Camus et al. 2000, Nicholson et al. 2002, Lowet et al. 1996, Njeh
et al. 1998) or configurations with multiple tranducers (Bossy et al. 2004a, 2004b; Sauglozis et
al. 1996). Using the scanning technique, the FAS velocity is derived from the slope of the line
that describes the distance between the transducers as a function of the FAS arrival time. This
technique eliminates the influence of the overlying soft tissues and provides accurate
determination of the velocity in the bone. However, the method is precise only when the
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thickness of the overlying soft tissues along the scanning region is constant. Another important
issue is that the multiple measurements that are required influence the accuracy and
repeatability of the velocity calculations. According to (Bossy et al. 2004a) it is of paramount
importance the transducers to be placed on the skin at a specific/constant angle; even small
deviations from that angle would introduce precision errors up to 10%. Although the
transosseous application addresses the problems caused by the presence of the soft tissue layers,
its applicability is limited to specific fracture cases due to the semi-invasive process of
transducers’ implantation (Malizos et al. 2006).

In this work we propose an alternative method of ultrasound velocity measurements by
assuming the transducers to be mounted on the pins of an already applied external fixation
device and we investigate whether it can provide an improved approach for monitoring bone
healing. The objectives of our work are to introduce a new technique which can offer several
advantages in-vivo compared to the previously described methods and evaluate its effectiveness
by performing 2D simulations of ultrasound propagation. The method is first evaluated on intact
bone models. Then, more realistic conditions are addressed by incorporating the callus tissue
into the models. Finally, we investigate the impact of a possible non-perpendicular pin insertion
by examining five additional cases which correspond to combinations of angles. The
percutaneous and transosseous applications are also simulated for comparison purposes.

2. Materials and methods

2.1 Bone model

A simplified 2D model of a midshaft segment of a long bone was constructed. The bone
cortices were represented by two linear elastic isotropic plates with Young's modulus,

E,, . =14GPa, Poisson's ratio, v, =0.37and density, p=1500kg/m’ which are typical

bone
values for bone (Protopappas et al. 2005, Bossy et al. 2004b, Nicholson et al. 2002, Protopappas
et al. 2006). The plates’ thickness was 5 mm which is within the range of cortical values found
in some types of human long bones (Bossy et al. 2004b, Nicholson et al. 2002, Protopappas et
al. 2006). The resulting bulk longitudinal and shear velocities of the bone were 4063 m/s and
1846 m/s, respectively, which are also commonly used in literature (Njeh et al. 1998,
Protopappas et al. 2007, Bossy et al. 2004b, Protopappas et al. 2006). The marrow cavity was
modeled by a 10 mm fluid layer which occupied the internal gap between the two cortices. The
properties of the fluid were Young’s modulus, £, , =2GPa, Poisson’s ratio,

Ve = 0.49978 and density, p=1020kg/m’, typically used in literature for bone marrow
(Vavva et al. 2008). The presence of the overlying soft tissues was simulated as two 3 mm thick

layers of blood applied at each of the semi-infinite upper and lower surfaces of the bone model.
The geometry and the dimensions of the bone model are illustrated in Fig.1.
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Fig. 1. The 2D model of a healing bone in which the external fixation pins and the transmitter-
receiver are also shown. The capital Latin numbers correspond to the ossification regions which
comprise the callus tissue.

2.2 Model of the callus tissue

The fracture callus tissue was modeled as an inhomogeneous material consisting of six distinct
ossification regions, denoted as I, II,..., VI (Fig. 1) (Protopappas et al. 2006). The geometry of
the callus is described by an endosteal and a periosteal region outside and inside the borders of
the plate. To represent the process of the progressive differentiation of the callus tissue in the
secondary type of fracture healing, we assume the following soft tissue types to be involved in
the process: initial connective tissue (ICT), soft callus (SOC), intermediate stiffness callus
(MSQ), stiff callus (SC) and ossified tissue (OT). We assume that healing progresses in three
stages. At Stagel, the callus contains regions of MSC along the endosteal and periosteal
surfaces of cortex at some distance from the fracture gap (i.e. in regions I and VI), SOC
adjacent to them (regions II and V), while the remainder is occupied by ICT (regions III and
IV). At Stage2, the callus consists of ICT (in region IV), SOC (in region III), MSC (in region II)
and SC (in regions I, V and VI). Finally at Stage3, bone formation is almost completed and thus
the callus tissue consists of OT except for two regions filled with SC (region III) and SOC
(region 1V). All the soft tissue types are assumed isotropic and their material properties can be
found in (Protopappas et al. 2007).

2.3 Model of the external fixation pins

Two stainless steel pins of an external fixation with density p =7910 kg/m® and bulk

longitudinal velocity 5740 m/s were also modeled and were incorporated in the bone model.
The height and the width of the pins were 90 mm and 5 mm respectively. The pins were
inserted into the first three layers of the bone model and their center-to center distance was 40
mm. In the case of the healing bone models the pins were placed equidistant from the fracture
callus. The frame of the external fixation device is neglected on purpose since in this study we
assume that wave propagation occurs only through the external fixation pins.

For the intact bone model, five additional models were constructed corresponding to
different combinations of the pins’ insertion angles, as shown in Fig. 2. This was performed to
address realistic conditions in which the orthopeadic surgeons do not accidentally insert the pins
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of the external fixation device perpendicularly but rather at small inclinations. All the examined
combinations of pin inclination angles are presented in Table 1.In the first two models (Model-
2a and 2b) the left pin was assumed to incline -5° and +5° respectively, whereas the right one
was perpendicularly inserted. In the next model (Model-3) both of the pins were assumed to
deviate +5° from the perpendicular position. In the final two models both pins were inclined at
opposite angles, i.e. by +5° the left pin, by -5° the right one and vice versa in Model-4b. The
symmetrical cases are not included in the present study.

Fig. 2. The six combinations of £5° angles of pin inclination.

Concerning the healing bone model, only two of the aforementioned cases were investigated
i.e., the healing bone Model-2a and Model-4a.

Pin inclination Pin inclination
Models angle angle
Transmitter Receiver
Model-1 0° 0°
Model-2a -5° 0°
Model-2b 5° 0°
Model-3 5° 5°
Model-4a 5° -5°
Model-4b -5° 5°

Table 1. The models that correspond to all possible combinations of the pin inclination angles.

2.4 Transmitter-Receiver Configuration

Ultrasound velocity measurements were first obtained from the intact and the healing bone
model without the external fixation pins. Two types of transmitter-receiver configuration were
modeled i.e. the percutaneous in which the transducers were placed in contact with the upper
layer of blood and the transosseous one in which they were placed directly on the bone plate
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respectively. The latter simulates the implantation of the transducers directly onto the bone
surface. The contact area of each transducer is 5 mm and their center-to-center distance is 40
mm, which is typically used in ultrasonic applications to the bone. Concerning the percutaneous
transmitter-receiver application on the intact bone, measurements were also taken by
progressively shifting the receiver by 1 mm steps with the center-to-center distance from the
transmitter increasing from 40 - 50 mm.

When the pins of the external fixation devices were incorporated in the bone model, the
transmitter was attached to the extracorporeal tip of the first pin and the receiver to the tip of the
second pin.

In all the examined cases, the excitation signal was described by a broadband pulse
consisting of a 3-cycle Gaussian-modulated 1 MHz sine (duration 3 ps). The transducers
operated in the longitudinal mode.

2.5 Boundary Conditions

Infinite boundary conditions were applied to the ends of the intact and healing bone models to
eliminate most of the waves that are reflected back.

The numerical solution of the 2-D wave propagation problem is performed using the finite
difference method based on the commercial software Wave2000 Pro (CyberLogic, Inc., NY,
USA). The element size is set to 0.1 mm, which corresponds to at least ten elements per
smallest wavelength (i.e. 1.5 mm). The sampling frequency is 34.3 MHz. The duration of the
recorded signals is 100 ps.

2.6 Determination of the ultrasonic wave propagation path and velocity

Typically the propagation velocity is calculated by dividing the propagation path by the
measured arrival time of the FAS at the receiver. The propagation path of the FAS wave
corresponds to the path that leads to the minimum propagation time and depends on the
transducers’ configuration. When the transducers are placed in contact with the bone’s surface
(i.e. transosseous application) the propagation path is the axial distance between the
transducers.

For the percutaneous application the propagation path is depicted in Fig. 3 (a) (Lowet et al.,
1996). The FAS wave enters the soft tissues (i.e. the blood loaded layer) at a certain angle 6,
travels along the subsurface of the bone’s cortex in the axial direction and finally it is reradiated
in the soft tissue layer to reach the receiver at the angle . The transit time of the FAS can be
theoretically calculated as

+ tbone ( 1 )

are the propagation times along the soft tissues and the bone respectively. If

tFAS = 2 : tsoﬁ

and ¢

bone

where 7,

the bulk longitudinal velocity through the soft tissues is denoted asc,

soft

and through the bone

as ¢,,,, then eq. (1) becomes:
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where D is the distance between the end of the transmitter and the beginning of the receiver

equal to 35 mm, S_, the thickness of the soft tissue layer equal to 3mm and 6 is the unknown

soft
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angle between the vertical and the FAS wave path. Differentiating eq. (2) to 6 leads to the
minimum arrival time, ¢,,, when

C
sing = =2~ 3)
Cbone

For the given values of c,,,

in eq. (2) the ¢,,, equals to 12.11 ps.

andc,,,, 0equals to 22.9°. By substituting the derived angle value

For the models in which the external fixation pins are perpendicularly inserted, we first
formulate an initial hypothesis based on the above analysis and we investigate whether this
assumption indeed leads to the shortest wave path. According to this hypothesis, the FAS
propagates along the pin axis, enters the soft tissues at the angle 6, as shown in Fig. 3 (b) by the
dotted lines, travels along the subsurface of the cortical layer, leaves the bone and enters the
pins at the same angle to reach the receiver. The FAS arrival time at the receiver is then
calculated according to eq. (1) as:

tFAS = 2’ : tpins + 2 ' txofl + t/)one (4)
where 7, is the propagation time along the pins. Eq. (2) then becomes:
S . S 1 D-2-§  -tané
togg =224 2. =Ly i Q)
cpin COS& Csoft cbane

wherec,, is the bulk longitudinal velocity through the pins and S, is the height of the pin’s

extracorporeal part equal to 67 mm. For the given values of  and ¢ tr,s €quals to 3.55ps.

pin 2

Nevertheless, it was found that this result does not correspond to the shortest propagation
path. In fact, the FAS wave travels along the pin, then propagates along the bone subsurface
without having been radiated into the soft tissues, and finally enters the second pin to reach the
receiver, depicted in Fig. 3 (b) with the dashed line. Under this assumption the transit time of
the FAS wave is now given as

tFAS = 2 : tpin + tbone (6)
which can be also written as:
S’[n D
ZFAS=2-L+— @)
sz'n Cbone

where S, =70 mm i.e. the length of the extracorporeal part of the pin (i.e. 67 mm) plus the

length of the part within the soft tissue layer (i.e. 3 mm). Substituting the values

ofc,,»Cppe-Dand S, in eq. (7) it is derived that #,,, =3.3 us i.e., smaller than the value

resulted from eq. (5).

To investigate whether this is also the case when the inserted pins are assumed inclined by
5°, we just calculate the FAS transit time from the interface between the pin and the soft tissues
to the interface between the bone and the soft tissues for two possible path assumptions. The
first corresponds to the path from the point A (i.e. cross point at the interface between the pin
and the soft tissue) to the point D which is the cross point at the interface between the pin and
the soft tissue if we assume that the wave if we assume that the wave travels along the pin and
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enters the soft tissues at the critical angle 8 depicted in Fig. 4. The second one corresponds to
the direct path from the point A to the point C (i.e. cross point the interface between the pin and
the bone cortex) and then to the point D. This path is followed when the FAS enters the bone
without having been radiated into the soft tissues.

Transmitter D Receiver
\ [l '} /
[ ]
(a)
(b)

Fig. 3. The propagation path (a) in the percutaneous application and (b) in the case of a
perpendicular pin isertion (dashed lines). The dotted lines depict the initial path assumption in
which the FAS is radiated into the soft tissues before entering and after leaving the bone.

The propagation path A-D corresponds to a FAS arrival time, ¢*” given by:

S

A0 — soft 8
Cypp "COSO ®
whereas the propagation path A-C-B-D to the arrival time #*“*” given by:
S 1 S -tan
tACBD — soft + soft ¢+SBD (9)
Cpi COS¢ cbane

pin

where ¢ is the inclination angle equal to 5° and S,, which is found by assuming the critical
angle 6. For the given values of the quantities it is derived from eqs. (8) and (9) that
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t" =19 pusand +"“®” =0.66 us which shows that the FAS wave propagates through the A-C-
B-D path.

In the case of +5° inclination angle is it is obvious that the FAS wave propagates from the
pins to the bone and vice-versa according to the previous assumption.

Fig. 4. The assumptions made for the path that the FAS follows when traveling from the pins
into the bone in the case of +5° inclination angle.

From the above comparative analysis, it is deduced that regardless of the pin inclination
angle, in all the examined cases, the FAS wave propagates along the pins and along the surface
of the bone without being radiated into the soft tissues. The theoretically determined shortest
propagation paths from transmitter to receiver in all the examined cases are shown in Table 2.

Models FE;Z? r(;ﬁ;;l
Model-1 175
Model-2a 175.5
Model-2b 176.6
Model-3 177.2
Model-4a 178.2
Model-4b 176.1

Table 2. The theoretical propagation path calculated for all the examined models.

Detection of the FAS time of flight in the signals was achieved by using a 10% threshold of
the amplitude of the first signal maximum. Such a detection criterion leads to more accurate
evaluation of the transition time as opposed to other criteria based on constant thresholds, zero-
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crossings, signal extrema, etc., which are affected by frequency-dependent attenuation, mode
interference, etc. (Bossy et al. 2002, Nicholson 2002, Protopappas et al. 2005).

3. Results

For the percutaneous application two different propagation velocities were derived. First, the
velocity was calculated as the ratio of the propagation path to the measured FAS arrival time.
This velocity was found 3001 m/s, whereas the theoretically calculated value was 3137 m/s.
However, these values are significantly smaller than that of the bone and constitute only an
apparent value due to the fact that the FAS traveled both within the bone and the soft tissues. To
evaluate our results, measurements were then obtained by progressively shifting the receiver
away from the transmitter. The velocity which is determined by applying linear regression
analysis on measurements and calculating the slope of the linear regression line that relates the
transducers’ distance to the FAS arrival time, yields the bone velocity since any delay within
the soft tissues becomes an offset. The velocity was found equal to 3915 m/s (determination
coefficient R* = 0.98 ) for the intact bone, which is close to the nominal bulk longitudinal
velocity of bone (4063 m/s).

Since placing the receiver at multiple recording regions is not applicable when the pins of
the external fixation device are inserted in the intact bone models, an apparent velocity can only
be obtained for this configuration. In Table 3 we present the measured FAS velocity for all the
combinations of pin inclination calculated as the ratio of the path to the FAS arrival time as
detected at the simulated signals from the bone models. The theoretical FAS velocities which
correspond to the theoretically derived FAS arrival times at the receiver are also presented
comparison purposes. The theoretical propagation paths shown Table 2 were used for all the
velocity calculations.

Measured Theoretical

Models V:ll(?(‘:sity V:lécsity

(m/s) (m/s)
Model-1 5262 5302
Model-2a 5205 5310
Model-2b 5259 5300
Model-3 5221 5307
Model-4a 5172 5298
Model-4b 5212 5317

Table 3. Theoretical and measured velocity values for all the examined models.

In general, it can be seen that when the external fixation pins are incorporated into the bone
model the velocity values are increased compared to those obtained from the percutaneous and
the transosseous applications. In addition, for all models presented in Table 2, the measured
velocities are lower than those predicted by the theoretical analysis. However, when the pins are
assumed perpendicularly inserted (i.e. for Model-1a) the difference between the two velocity
values is very small (approximately 0.8%). The most significant difference is at the order of
2.5% and is observed for Model-4a (126 m/s lower). For Models-2a and 4b the measured
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velocity is lower than the theoretical one by 105 m/s (2% difference), for Model-3 by 86 m/s
(1.7% difference) and for Model-2b by 41 m/s (0.8% difference).

It is also shown that the theoretically derived velocity is not significantly affected by the
pin inclination (maximum difference 0.28% for Model-4b). Similar observations can be also
made for the measured velocity values in Models-2b, 3 and 4b. However, the effect was slightly
greater for the velocities measured on the bone Models-2a and 4a which are lower than the
baseline measurement on Model-1 by 1.1% and 1.8% respectively.

Concerning the healing bone models the FAS velocity measured at each healing stage
for all the examined cases is shown in Fig. 6. The FAS propagation path was assumed identical
to that

100.00% (a) 100.00% - (b)
o= 99.00% - =
Z E  99.00% -
£ £
E 08.00% - E
: —$—percutaneous =
w2 . . ¥ LT
2 application  Z  98.00% —+— Model4a
= 97.00% - =
Model-2a
transosseous Model-1
application
96.00% T T T 1 97.00% T T T
Stagel Stagel Stage3 Intact Stagel Stage2 Stage3 Intact

Fig. 6. Velocity variation over the healing stages (a) for the percutaneous and transosseous
applications and (b) for the models containing the external fixation pins.

in the corresponding intact models, being unaffected by the geometry and the properties of the
callus region. Measurements were first obtained from the healing bone without the pins and
with the transducers being placed either percutaneously or transosseously (Fig. 6(a)). In both
cases the FAS velocity at Stagel is lower than that of the intact bone and gradually increases
towards Stage3. At Stage3 the velocity is very close to the intact bone. Similar velocity trends
are also observed when the external fixation pins are incorporated in the models (i.e., Models-1,
2a and 4a) (Fig.6 (b)). However, when the pins were assumed inclined (Models-2a and 4a), the
velocity values during healing were slightly lower than those obtained from Model-1. In
general, only small differences are observed in the FAS velocity between Models-2a and 4a,
suggesting that velocity measurements are not influenced by possible pin inclination.

4. Discussion

In this work we present a feasibility study of an alternative transmitter-receiver configuration in
which the transducers are assumed to be mounted on the extracorporeal tips of an already
applied external fixation device. Our main objectives were to (1) propose a new measurement
technique that could address the practical limitations of the in-vivo application of existing
techniques and (2) investigate the effectiveness of the method by performing velocity
measurements on 2D computational models of intact and healing bones.

The main issue arising by attaching the transducers on the tips of the external fixation pins
is the fact that the velocity reflects an apparent value that corresponds to an average velocity
over the whole propagation path rather along the bone and the fracture. Although an apparent
velocity is measured from the percutaneous application too, the effect is more pronounced for
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the proposed method because the length of the pins is typically much longer than the
propagation path along the bone. One of the major advantages of the proposed method is that it
is not affected by the overlying soft tissue layer as opposed to the percutaneous applications.
Even if the scanning method is often used in percutaneous configurations to overcome the tissue
thickness effect, this cannot be useful for bone fractures because the time delay across the callus
becomes then a time offset. The problem of the soft tissues becomes crucial for the
percutaneous measurements when the bone is located deep (e.g. the femur). In such cases, one
needs to measure the soft tissue layer below each transducers; however, the pressure applied
against the skin deforms the soft tissues and the thickness changes according to the pressure
level. On the other hand, the proposed method does not require measuring the soft tissue
thickness, since for small inclination angles, the FAS wave was found to enter and leave the
bone without having been radiated into the soft tissues. It should be noted that this propagation
path is valid for pin inclination smaller than 25°, which angle is far wider that that encountered
in practice. Therefore, the propagation path can be accurately determined by knowing the pin
length and the depth of their insertion in the bone which depth can be measured in-vivo from
one post-operative X-ray.

However, the actual propagation may be also influenced by other parameters such as the
irregular 3D geometry the anisotropy and porosity of the bone which are not taken into
consideration in the 2D model of the bone midshaft segment that was utilized here. Our main
objective was to compare between the proposed configuration and those commonly used
ultrasonic configurations rather than provide an accurate model of a long bone. Furthermore, as
demonstrated in a 3D study in which the transducers were placed on the bone surface
(Protopappas et al. 2007), the FAS wave is not influenced by the convex curvature and
therefore no significant differences in velocity measurements are expected between 2D and 3D
simulations. Anisotropy was also found not to affect the FAS velocity, provided that the elastic
constant in the axial direction ( Cy5 ) is the same for isotropy and anisotropy (Protopappas et al.

2007, Bossy et al. 2004b). The model of the callus tissue was realistic since it was assumed as
an inhomogeneous material consisting of several ossification regions with gradually evolving
material properties during the simulated 3-stage fracture healing (Protopappas et al. 2007). The
healing stages corresponded to critical phases of the healing course.

The proposed method was initially evaluated on intact bone models. Although such an
assumption is unrealistic, it allows for velocity measurements through the pins that are not
influenced by the geometrical and material properties of the callus tissue. The results indicated
a significant increase in the velocity values compared to percutaneous and transosseous
applications. This can be attributed to the fact that the FAS wave propagates along the stainless
steel pins whose bulk longitudinal velocity (i.e., 5740 m/s) is higher than that of the bone (i.e.,
4063 m/s).

Concerning the healing bone models, the velocity generally increased throughout the
healing stages, which is in agreement with previous studies (Protopappas et al. 2008). As
expected, the derived velocity values in the healing bone models were again higher than those
of the corresponding percutaneous and transossseous measurements. Small changes were
observed in the velocity from Stagel to Stage3, which can be attributed to the fact that for
1MHz excitation the FAS wave corresponds to a lateral wave being sensitive only to alterations
that occur in a superficial layer of the fracture gap (Protopappas et al. 2007, Bossy et al. 2004b,
Raum et al. 2005, Nicholson et al. 2002, Njeh et al. 1999). Nevertheless, the longer FAS
propagation path due to the presence of the pins decreases the sensitivity of the proposed
method compared to the percutaneous or transosseous methods, since any time delay of the
waves within the callus becomes smaller compared to the total transit time. In addition, the



Journal of the Serbian Society for Computational Mechanics / Vol. 2 / No. 2, 2008 13

insertion of the pins into the models gives raise to complicated wave guidance phenomena
which cannot be effectively evaluated.

The inclinations of the external fixation pins had generally no significant impact on the
FAS velocity in both the intact and the healing bones. The velocity was found to be mostly but
rather insignificantly affected when the first and the second pins were inclined at +5° and -5°
respectively (Model-4a), which was actually expected since such combination of pin inclination
angles corresponded to the longest propagation path. Nevertheless, even if the velocity was
dependent on the pin inclination angle, we are interested in the changes of the FAS velocity
from Stagel to Stage3 rather than the absolute velocity values. However, the proposed method
is quite insensitive to the alterations which occur in the callus during healing due to the
increased time delay of the FAS into the pins.

A further limitation of the method is the high attenuation in the received signals induced by
multiple reflections at the pin-bone interfaces, the low acoustical coupling between the bone
and the pin, and the fact that most of the energy is transmitted perpendicularly to the bone axis
rendering the axial transmission of the FAS more difficult than in transosseous or percutaneous
applications.

Overall, the proposed method combines the advantageous features of each of the existing
techniques since (1) it is non-invasive, as opposed to the transosseous applications and (2) the
measurements are not affected by the overlying soft tissue, which is a significant limitation of
the percutaneous applications especially at skeletal sites where the overlying soft tissues are
thick, such as at the femur. Furthermore, the rigid attachment of the transducers on the tips of
the pins increases the repeatability of the method since it does not require manual transducer re-
positioning each time a measurement is to be performed, as occurs for the percutaneous
application. Nevertheless, the results obtained from the present computational study need to be
interpreted in conjunction with clinical measurements so as to be validated.

4. Conclusions

In this work we proposed a new technique for velocity measurements and we investigated
whether it could provide an enhanced approach in monitoring the fracture healing process. For
the first time the pins of an already applied external fixation device are proposed to serve as a
means of ultrasound transmission and reception during the fracture healing process. The
velocity was found to increase during the healing stages as in the percutaneous or transosseous
applications. However, only apparent velocity values can be derived from the proposed method
corresponding to the whole propagation path (i.e. pins, bone and fracture) rather than to the
fracture zone. This justifies the increased velocity values which were found in all the examined
cases. In this respect, the sensitivity of the method becomes limited and thus renders the
assessment of small changes in the callus during the healing course more difficult compared to
the existing methods. It was also shown that small inclination angles of the pins had no
significant impact on the results suggesting that the method could provide accurate results when
applied in-vivo. Although the proposed technique can offer several advantages in-vivo
compared to the percutancous and transosseous configurations, clinical trials are needed to
assess its effectiveness. This study opens a new perspective in monitoring the fracture healing
process.
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