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Abstract

The paper provides an overview of the fracture healing process of long bones, a review of work that proposed appropriate
physical parameters for the assessment of healing and highlights some recent work that reported on the development of
non-radiative technique for healing assessment. An overview of the development and monitoring of osseointegration for
trans-femoral osseointegrated implant is also presented. The state of healing of a fractured long bone and the stability of
osseointegrated implants can be seen as engineering structural components where the mechanical properties are restored to
facilitate their desired function. To this end, this paper describes non-radiative techniques that are useful for healing assess-
ment and the stability assessment of osseointegrated implants. The achievement of non-radiative quantitative assessment
methodologies to determine the state of healing of fractured long bones and to assess the stability of osseointegrated implant
will shorten the patient’s rehabilitation time, allowing earlier mobility and return to normal activities. Recent work on the
development of assessment techniques supported by the Office of Naval Research as part of the Monitoring of Osseointe-

grated Implant Prosthesis program is highlighted.
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1 Introduction

The current techniques for assessing the state of healing
of fixated fractured long bones include X-ray, Computed
Tomography (CT), and manual manipulation. Unfortunately,
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these methods have significant drawbacks for the patient,
primarily exposure to radiation, and, in most cases, provide
images that are suitable for qualitative assessment of the
state of healing of a fracture. In addition, these are qualita-
tive assessments where their accuracy depends on the sur-
geon’s experience (Claes et al. [1]; Morshed et al. [2]). A
robust diagnostic tool to quantitatively evaluate the state of
fracture healing will improve the patient’s care. The ability
to define completed fracture healing and the identification
of delayed union will greatly assist with the management
of the fracture. One of the aims of this paper is to provide
a review of the work done in the development of a non-
radiative quantitative assessment technique for the healing
assessment of fractured long bones, especially the femur and
tibia. Non-radiographic quantitative assessment techniques
can complement existing radiographic techniques. A reduc-
tion in the reliance on X-ray and CT will limit the exposure
to harmful radiation. The paper provides an overview of the
fracture healing process, work that proposed appropriate
physical parameters for the assessment of healing and high-
lighted some recent work that reported on the development
of three non-radiative techniques for healing assessment.
Osseointegration technique was first applied to the area of

@ Springer


http://orcid.org/0000-0002-6760-2204
http://crossmark.crossref.org/dialog/?doi=10.1007/s13534-019-00120-0&domain=pdf

64

Biomedical Engineering Letters (2020) 10:63-81

dentistry, and then it was extended to orthopaedics and limb
amputees pioneered by Rickard Barenmark. Titanium and
its alloys are commonly used as implants due to their excel-
lent biocompatibility and superior mechanical properties.
Osseointegration prosthesis has an advantage in improving
mobility and quality of life for the amputee compared to the
socket prosthesis [3, 4]. Nevertheless, the osseointegration
process is complex, and many factors influence the forma-
tion of the bone at the implant surface. Since implant stabil-
ity is a primary concern [5-7], this paper presents a review
of the quantitative stability assessment techniques for osse-
ointegrated implants. Indeed, the monitoring and assessment
techniques that are proposed for healing assessment can also
be extended for assessing the stability of osseointegrated
implants. The paper describes recent development in the
design of customisable osseointegrated implant where sens-
ing elements can be integrated into this device for assessing
the degree of osseointegration or the lack of it.

2 Healing process
2.1 Fracture healing process

Bone fracture healing is a highly complex and dynamic pro-
cess which gradually recovers its biological function and
mechanical properties. This process can be described in four
basic steps: inflammation, cellular proliferation, differentia-
tion, and remodelling [8]. During the inflammation step, the
injury on the blood vessel caused by bone fracture leads to
regional hypo-perfusion in neighbour area. The coagulation
cascade is initiated by the exposure of vascular endothelium
(vessel interior surface) and intravascular cells, leading to
the formation of haematoma, which is abundant in plate-
lets and macrophages. The inflammatory mediators release
from haematoma trigger an inflammatory response, which
consists of an increase in blood flow, vascular permeability,
and inflammatory cell migration.

With respect to cellular proliferation and differentiation,
the healing process is largely dependent on the mechanical
environment. There are two types of healing, direct and indi-
rect fracture healing [9]. Direct healing does not involve inter-
fragmentary gap and rigid fixation, which can only be achieved
by open reduction and internal fixation surgery. The healing
is achieved via the reconstruction of the anatomical lamel-
lar bone, the Haversian canals (a microstructure include the
path for nerves and blood) and blood vessels. Indirect healing
relates to treatments that allow inter-fragmentary motion and
rigid internal or external fixation. During indirect healing, the
primitive mesenchymal stem cells drift into the fracture site
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and differentiate into a cell with osteogenic potential, which
leads to the formation of tissue in the fracture site. The tissue
provides a connection between fracture ends known as a callus.
With the mineralization process known as ossification, the soft
callus is converted into woven bone. After months of remodel-
ling, the woven bone is replaced by lamellar bone, which has
highly ordered microstructure.

2.2 Therelationship between the fracture healing
process and bone stiffness/strength

Mora-Macias et al. [10] evaluated quantifiable biological
parameters relative to mechanical parameters during the ossifi-
cation process. They concluded that during the ossification, the
axial stiffness (defined as the ratio of load and the correspond-
ing displacement) of the callus increased exponentially respect
to the healing time. When the volume of callus reached 80% of
the maximum volume, callus stiffness was below 10% of that
of the healthy bone. The stiffness was observed to increase rap-
idly after the callus achieved maximum volume and the bone
recovered its load bearing capability. Similar results of animal
bone were reported in Leong et al. [11, 12]. Dwyer et al. [13]
reported similar behaviour with human bone during the ossi-
fication process. In the view of mechanics, this ‘stiffness” can
be related to the elastic modulus of the bone.

Chehade et al. [14] reported on the correlation between
bending stiffness and strength during the healing fracture
by using the four-point bending mechanical test. A total of
40 skeletally mature sheep were divided into 5 groups and
culled at 2, 4, 6, 8 and 10 weeks. A transverse osteotomy was
applied at the mid-shaft of the left tibia. The formation of
callus was determined from the observation of the tibia that
was culled at 2, 4, 6, 8 and 10 weeks. During this process,
at the initial stages of the fracture healing, they reported a
correlation between the stiffness and strength. However, dur-
ing the remodelling phase, the further increase in strength is
accompanied by a small change in stiffness. They attributed
this to the organized orientation and mineralization of the
collagen fibres in callus that lead to an increasing amount
of lamellar bone. According to their experimental data,
there was no longer a clear correlation between stiffness
and strength once the stiffness of callus reached approxi-
mately 65% of that of the healthy bone. Therefore, the stiff-
ness could only determined the baseline of the strength. This
finding is similar to that reported in Mora-Macias et al. [10]
who stated that the bone was capable of load bearing (high
strength) when the stiffness was still relatively low. A similar
correlation was also reported in human bone Claes et al. [1],
and Dwyer et al. [13]. These results suggest that “stiffness”
may be a suitable parameter to assess the state of healing.
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3 Fracture fixation techniques
3.1 External fixation

External fixation is a method that aims to provide sufficient
stability of fractured bones by utilizing a percutaneously
external device. The structure consists of percutaneous pins
or wires, claps, sidebars or rings and struts. The most com-
mon type of external fixator is a combination of the pins and
bars. Pins are inserted into the bone and sidebars are con-
nected to pins through the pin clamp (see Fig. 1). The stiff-
ness or rigidity of the whole construct can be enhanced with
the deployment of the pins and sidebars. The external fixa-
tion is suitable for higher-energy polytrauma patients who
suffer soft tissue injuries or open wounds. External fixation
has a relatively low risk of infection and better pain control.
Patients with external fixation have better access to wound
care and less risk of bone non-unions. In addition, the exter-
nal pin clamp structure allows the adjustment of the con-
struct, which facilitates fracture alignment and realignment
[15]. However, the insertion of pins creates a communicating
tract between skin and bone, which may potentially increase
the chance of soft tissue infection. In addition, the external
device will limit patient mobility in normal daily life [16].

3.2 Internal fixation
3.2.1 Intramedullary nail

Intramedullary nail (IM nail) refers to a clinical method of
internal fixation for treating long bone fractures. IM nail
consists of a cylindrical metal tube, which inserted into
either proximal or distal end of the bone and lock in position
via interlocking screws (see Fig. 2). These locking screws
are fastened onto the cortical bone. The installed IM nail
across the fracture site facilitates the transfer of rotational,
compressive, and bending forces across the fracture site
while preserving the anatomic alignment to induce bone

Fig. 1 Femur fixated with an external fixation

Fig.2 X-ray scan of the patient with IM nail

union [17]. The bone is capable of enduring early loading
during the fracture healing because of the stable internal
fixation provided by IM nail [18]. Compared to the exter-
nal fixation, intramedullary nail reduces the risk of pin tract
sepsis [16]. However, the application of IM nail is limited
because of the high risk of infection and local or systemic
complications [19].

3.2.2 Compression plate

There are two kinds of compression plate: locking com-
pression plates (LCP) and dynamic compressional plate
(DCP). DCP is also known as conventional plating which
provides stability of the fracture site by the frictional force
between the plate and bone (see Fig. 3). However, the plate
is compressed directly onto the bone, which may cause

Fig.3 X-ray scan of the patient
with DCP
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blood supply disturbance [20]. LCP, which has threaded
holes, is a modified version of DCP. Therefore, either non-
locking screws or locked screws can be utilised on LCP.
With the mesh on the screw thread and thread hole, LCP
allows the load transmission without compressing onto the
bone, which enhances the blood supply compared to DCP
[21]. However, compared to the intramedullary nail, early
load bearing is forbidden for patients with a compression
plate. In addition, due to the high stiffness of the plate, a
compression plate may delay callus formation and induce
bone resorption [22].

4 Techniques for monitoring fracture
healing

There are two clinically available techniques in evaluating
the degree of fracture healing of long bones are radiographi-
cal technique and biomechanical testing. Radiography is a
common methodology in non-destructive evaluation in engi-
neering structural assessments. In contrast to the quantita-
tive biomechanical testing, the radiographic image allows
the physician to inspect the alignment of the fracture site
qualitatively [23]. It is also known that the three-dimensional
computed tomography radiographic technique can provide a
quantitative assessment of the state of healing. This method
can provide a quantitative assessment of the callus volume
and the average mineral density [24], thereby allowing for
the estimation of Young modulus of the bone. In addition,
Sigurdsen et al. [25] reported a correlation between the
bending strength and the volumetric bone mineral density
around the fracture site in the early phase of fracture healing
[25]. However, the high radiation dosage limits regular CT
usage for healing assessment [2].

Biomechanical techniques for healing assessment is a
form of non-radiative methodologies for healing assessment
is an on-going research area. Biomechanical testing includes
direct and indirect methods [1]. Direct testing refers to the
evaluation of the callus stiffness by measuring the deflection
of the healing bone under a certain loading. The leg is rested
in the horizontal position and loaded by weight or manually
at the distal end, producing a bending moment. A transducer
is connected to the pin clamp to measure the deformation
of the long bone [1]. Indirect testing evaluates the stiffness
of callus through the decrease in the loading taken by the
external fixation with strain gauges attached to the sidebar
[1]. The orthometer microprocessor was used to measure the
deflection of bone under loading as illustrated in Fig. 4. In
general, the deformation along the longitudinal axis is the
key parameter in determining the stage of fracture healing
in clinical applications. However, the most significant draw-
back is its applicability to patients with external fixations.
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Fig.4 Fracture stiffness measurement after removal of the external
fixator [1]

In this case, the external fixation has to be disassembled for
each stiffness measurement, therefore increasing the risk of
re-fracture and misalignment especially for the femur in the
early phase of healing. Although the engineering principles
are sound, the clinical application for these forms of testing
is limited (Claes et al. [1]; Morshed et al. [2]). The other
non-radiative healing assessment techniques that have been
reportedly investigated on include the following:

4.1 Acoustic emission

Acoustic emission (AE) refers to transient elastic waves,
which occur when strain energy is suddenly released with the
micro-damage formation of a structure [26]. The space shut-
tle Columbia disaster upon re-entry, leading to disintegration
of the spacecraft and the loss of seven crew members, has
served to focus worldwide attention on the requirement for
effective structural health monitoring (SHM) techniques as
a key enabling technology for future space exploration and
space technologies [27, 28]. In particular, acoustic emission
(AE) sensors have been deployed and evaluated for impact
detection on subsequent shuttle flights AE has been widely
used as a SHM method in the industry. AE testing has been
categorized as a non-invasive method since the structural
integrity is preserved after testing. The elastic waves are
detected and the source is localised by embedded piezoelec-
tric discs or transducers. In the biomechanical field, the AE
examination was firstly used in detecting micro-fractures,
which were not clearly diagnosed by conventional X-ray
Hirasawa et al. [29] Furthermore, acoustic emission was
applied to predict the bone mechanical properties changes
due to fatigue (Shrivastava et al. [30]; Agcaoglu et al. [31]).

In 2001, Watanabe et al. [32] conducted an experiment
on 120 male rats to investigate the relationship between the
load and the mechanical strength of the callus. In this experi-
ment, rats were treated with femur osteotomy, generating
2 mm gaps in the mid-shaft on the right femur. A specially
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designed stainless-steel nail with four interlocking needles
was fixed at the gap to prevent shortening and rotation at
the osteotomy site. The rats were euthanized to determine
callus tensile strength and torsional strength at 4, 6, 8, and
12 weeks after surgery. The specimens were loaded with
tensile force and torque respectively to failure to record
the AE signal. Based on the result, they found that forces
and torques for initiation of AE presented a clear and posi-
tive linear correlation with tensile strength and maximum
torque (see Fig. 5). This method was suitable for the patients
treated with external fixation since the signal should be eas-
ily detected through the pins. In addition, the surgeon could
re-install the fixation instantly to continue the treatment,
even though micro-damage occurred when the AE signal
was detected. From these reasons, they deemed it possible
to used AE testing as a fracture healing monitoring method.
However, AE signals of this experiment were retrieved under
in vitro condition. Therefore, this method was currently
shown to be only suitable for the patients treated with exter-
nal fixation, which the AE signals were detected through
pins or screws.

Based on Watanabe’s results, Hirasawa [29] proposed an
investigation on monitoring the fracture healing by acoustic
emission for 35 patients with 39 long bones treated with
external fixation. In their experiment, two wide-band piezo-
electric transducers were attached to the half-pins or trans-
fixation wires, which were held by a specially designed
holder after removal of the external bridge. Acoustic emis-
sion signals were monitored during application of a step-
increased axial load at the rate of 5 kg per 5 s to callus.
Based on the results of the AE testing, 97% of patients
removed their external fixation when no acoustic emission
signal was detected on full weight bearing load. All except
one patient endured a re-fracture in the callus area after
removal. The results suggested acoustic emission techniques
could be employed to assess fracture healing. According to
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their result, 46% of fracture could not be interpreted as a
“healed” by radiographic diagnosis when the fracture is
assessed as being healed using acoustic emission. This pro-
vided an impetus for the quantitative assessment by methods
apart from radiographic ones. In their work, only the axial
compression loading was considered, which was not suf-
ficient to determine the bone union [29]. Other parameters
such as torsional or bending stiffness should be included in
AE examination. Moreover, to ensure the safety of patients,
the AE measurement was applied when two of five physi-
cians regard as fracture healing completed (union). Authors
suggested that the current AE method could only be used
as complementary to radiography result. Even though there
have been several research conducted on the bones obtained
from the cadavers or on the volunteers, the detection of AE
signal in current method means the micro-damage to the cal-
lus had occurred, limiting the application of AE in the early
phase of healing. A further investigation of non-destructive
AE evaluation in fracture healing and a number of investi-
gation on the reliability and accuracy might be the future
target.

4.2 Quantitative ultrasound
4.2.1 First-arriving signal velocity measurement

Quantitative ultrasound (QUS) has been previously
employed as a tool to monitor structural components. The
first application of the ultrasound velocity measurement
which is also known as First-arriving signal (FAS) velocity
measurement on assessing fracture healing was investigated
by Siegel et al. [33]. The animal [34] and clinical [35] stud-
ies demonstrated that the fracture site was capable of full-
weight loading when the velocity of ultrasound achieved
80% that of intact bone. FAS relies on the axial transmission
of the propagating ultrasound, refer to Fig. 6. The change
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Fig.5 Relationship: a the load for initiation of AE and tensile strength, b the torque for initation of AE and torsional mechanical property [32]
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Fig.6 Quantitative ultrasound of fracture healing in the long bone
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Fig.7 The +5° angles of pin inclination [36]

in ultrasonic wave velocity caused by the difference in the
material properties of callus and cortical bone when ultra-
sound passes through the fracture site is used as the primary
parameter for healing assessment. By comparing the velocity
value obtained from contra-lateral intact bone, the fracture
healing processing can be quantitatively measured [33]. For
percutaneous application, the ultrasound, which is injected
through a transmitter attached on the skin, propagated along
the bone, passes through the fracture site and is detected by
the receiver. For trans-osseous method, the transducers are
surgically implanted into fracture region and in contact with
the periosteum. The typical frequency of the transmitter is
in the range from 0.25 to 2.5 MHz. The velocity of the ultra-
sound is defined as the ratio of the longitudinal distance that
ultrasound travelled to the transit time of the first-arriving
signal.

In a 2D bone—plate simulation, Vavva et al. [36] validated
the capability of attaching transducers to the external fixa-
tion pin to evaluate the fracture healing. Moreover, they also
investigated the effects of the inclination of the pin on its
ability to improve the FAS assessment technique. In their
experiment setup, a 1 MHz ultrasonic wave was induced to
ensure there is no guided wave emission. In addition, they
added a 3 mm thick layer of blood on each side of the plate
to simulate the overlying soft tissue. The external fixation
pins were allowed to lean +5° from the vertical axis, refer
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to Fig. 7. The inclination of pins was evaluated through five
different combinations of the pins’ insertion angle. The
result of the experiment demonstrated that the wave veloc-
ity transmitted through the stainless steel pins was higher
than that in the bone which leads to a notable increase in
the measured velocity compared to the result of percutane-
ous and trans-osseous methods (P&TM). In addition, the
velocity change caused by the healing process was difficult
to identify because of the significant increase in the wave
velocity, leading to a reduction in the sensitivity for assess-
ing and detecting fracture healing. FAS velocity showed a
similar correlation with P&TM as healing progressed. Nev-
ertheless, the inclination of pins had a minor effect on the
correlation. The significant advantage over P&TM was the
overlying tissue had no effect on FAS velocity measurement.
In spite of the advantages, the accuracy of this method was
limited by the high attenuation caused by signal reflection
at the bone—pin interface. Malizos et al. [37] conducted an
experimental study on 40 skeletally mature sheep with a
transverse osteotomy at mid-shaft. The external fixations
were utilised to provide stability. A telemedicine system,
which consisted of a pair of implantable transducers, which
emitted ultrasound with a frequency of 1 MHz, and a control
module for data collecting and power supply purposes, was
employed as a tool to monitor fracture healing. They also
demonstrated that the FAS velocity decreased for a certain
time after which the velocity has reached the value of intact
bone. Protopappas et al. [38] showed a similar correlation
between FAS velocity and post-operative time. However,
the result provided by Vavva et al. [36] showed that the FAS
velocity continuously increases during the healing process.

4.2.2 Guided wave application

Guided wave (GW) propagation has demonstrated promising
potential for structural integrity monitoring due to its rapid
area inspection with minimal attenuation. Dispersion curve
is often determined to identify the wave modes and its higher
orders. In practice, the wave mode is often denoted by a let-
ter and a number identifying its mode type and order, i.e.
S 1—first order symmetric wave mode and AO—fundamental
antisymmetric wave mode. Previous studies have employed
GW to assess bone structures using FAS method [38, 39]. In
using QUS technique, it is reported that the geometric condi-
tion along the transmission path may affect the ultrasound
transmission. When the wavelength is smaller or similar to
the thickness of cortical bone, the ultrasound wave propa-
gates along the subsurface of bone at the bulk wave fre-
quency. This means that the FAS velocity only shows osten-
sible information of the periosteal bone region. When the
wavelength is larger than the cortical bone thickness, the
guided waves, which are enhanced by the cylindrical shape
of the bone, propagates through the bone and are dispersive.
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With healing progressing, there is less energy dispersed to
the surrounding soft tissue through the fracture site. This
will lead to an energy increase for certain wave mode [38].

In the research reported by Protopappas et al. [38], they
utilised the 2D intact bone plate model to investigate the
effects of the callus properties and geometry on the disper-
sion characteristics of the guided wave modes on the bone.
Subsequently, they carried an ex vivo experiment on the
intact tibia with two transducers attached to bone surface
perpendicularly, to show the applicability of GW. Two GWs
with frequencies of 500 kHz and 1 MHz, which result in two
wavelengths (8 mm and 4 mm respectively) that are larger
than the plate thickness, were used in this research. The
dominant wave modes at 1 MHz excitation were the S2 and
A3 Lamb modes and at 500 kHz excitation, the dominant
wave modes were S2 and SO modes. According to the result,
the FAS velocity relationship could not identify changes of
the callus geometry, but it is sensitive to the stiffness change
as the healing progressed. However, the time—frequency
analysis showed an increased in the S2 mode along with
the consolidation of callus and when Young’s modulus of
callus was less than 50% that of healthy bone. This method
could enhance the FAS velocity measurement’s viability
and accuracy for fracture healing assessment. Nevertheless,
the experiment on the real bone revealed that the ultrasonic
energy would be dissipated into surrounding soft tissue and
bone marrow, produced inaccurate and less reliable results
[38].

4.3 Vibrational response

Works are on-going in developing the use of mechanical
vibration as a fundamental principle for monitoring bone
assessment [40—43]. The variation in the vibration charac-
teristic such as resonant frequencies indicate the change in
mechanical properties during the fracture healing [41]. Cur-
rent research in this area mainly focus on long bones such
as femur and tibia.

The first application, called auscultatory percussion, con-
sists of an excitation source, generally, a micro-hammer or
a diapason, taped on the distal end and a stethoscope at the
opposite end, worked as a detector. The decrease in the vol-
ume and pitch revealed the bone fracture. Even though this
method is non-invasive, it is unable to provide a quantitative
measurement on fracture condition [40, 41]. Recently, more
advanced vibration-based techniques have been developed.
In previous papers, based on the in vivo and ex vivo test [23,
42, 43], researchers had already shown that the resonance
frequency is a potential quantitative parameter for monitor-
ing fracture healing process even with the influence of the
soft tissue on the vibrational response. Alizad et al. [41]
applied radiation force to induce vibration remotely within
the frequency range of 0—10 kHz in the rat femur. The results

showed that the resonant frequency in the femur showed an
increasing trend with healing progressed.

4.3.1 Vibration response with external fixation

In the work funded by the United States Office of Naval
Research (ONR), Ong et al. [44] indicated that there is a
strong dependence of dynamic response on structural prop-
erties of a given construct. In the recent research funded by
ONR, Ong et al. [44, 45] proposed a concept of integrating
the sensing elements into external fixation to monitor frac-
ture healing remotely. In their research [44], the potential of
locating sensors on the external fixation and the appropriate
frequency range were conceptualised using a series finite
element analysis. This is then substantiated with a series of
experimental study. Ong et al. [44] reported that the lower
modes are dominated by the deformation of the external
fixation and are insensitive to the bone structural change.
In the frequency bandwidth between 200 and 400 Hz, these
higher order modes were sensitive to the mechanical proper-
ties changes in the fracture region (see Fig. 8).

The change in the stiffness was depicted by the shift of
the resonant behaviour. Ong et al. [44] also reported that
the choice of location of the sensor elements and the drive
point would affect the sensitivity of the healing assessment
capability. However, the potential of using the pins of the
external fixators to facilitate the excitation and the meas-
urement of the corresponding dynamic response is clearly
demonstrated. This finding was supported by Mattei et al.
[40, 46] who also demonstrated signal damping, caused by
soft tissue around the bone, could be reduced by using pins
as a path for excitation and measurement.

The effects of soft-tissue on the dynamic response of a
long bone is well known. This is known to impair the ability
in using dynamic-based assessment techniques for healing
assessment. As an example, Bediz et al. [43] reported that
the mass loading, caused by soft tissue, decreased the reso-
nant frequency of a long bone. It is worth noting that Ong
et al. [45] also reported on work, which funded by ONR
done to investigate the influence of the mass damping due
to the surrounding soft tissue. In their work, the epoxy was
applied at the fracture site to simulate the fracture healing
process [40—42, 44, 45, 47]. These works reported on experi-
ments performed using artificial composite bone specimen
made from short fibre filled epoxy. The specimens were oste-
otomised to simulate fracture. Epoxy with long curing time
(30 min) was used applied to the fractured region and to
simulate healing. They introduced the concept of a healing
index, which is computed from the dynamic response of the
construct, and the rate of change of the healing index with
respect to time HI,, to simultaneously assist in evaluating
different healing stages (Eq. 1).
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Fig.8 Mode shapes. a No
damage, Mode 1,48 Hz. b
Fractured, Mode 1, 48 Hz. ¢
No damage, Mode 6, 283 Hz.

d Fractured, Mode 8, 284 Hz. e
No damage, Mode 8, 335 Hz. f
Fractured, Mode 9, 328 Hz [45]
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domain obtained from polyvinylidene fluoride (PVDF) film
sensor; TF(fi) is the transfer function between force input
and sensor response; TF,;, 1....«(fD) is the windowed average
function obtained 10 Hz window; HI, is differentiation of the
healing index relative to time.

For a bone specimen without modelling clay (Ong et al.
[45]), the frequency response measured with simulated
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Fig.9 Development of frequency response function resulting from simulated healing (30 min epoxy) a 0-30 min; b 40-60 min [45]
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Fig. 10 Healing index calculated (without mass loading) [45]

healing is shown in Fig. 9. The shift in the resonant fre-
quency as healing progressed is evident. The healing index is
calculated from the spectra responses are shown in Fig. 10.
These results show that the dynamic response of the con-
struct is sensitive to the state of healing of the fractured
region.

The experiments were repeated with the femur wrapped
with highly dense and soft plasticine to simulate soft tissue.
The resulting spectra response as a function of the healing
time is shown in Fig. 11. Although the effects of mass load-
ing are visible, the effects of healing on the spectra response
is still discernible. The calculated healing index as illustrated
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in Fig. 12 and its time-derivative highlighted the viability of
vibration based methodology for healing assessment. This
represents a potential complementary tool to the current
monitoring techniques such as CT scan, to define the appro-
priate time for removal of external fixation [45].

4.3.2 Vibration response with internal fixations

The capability of the vibration response technique for moni-
toring fracture healing of a femur treated with internal fixa-
tion has been investigated. In the work funded by the ONR,
Chiu et al. [48, 49] first adopted the finite element analysis to
investigate the feasibility of vibration response method with
two types of internal fixation: plate—screw fixation and IM
nail. The dynamic response of the femur treated with these
internal fixations is quite different due to the geometry of
the resulting construct. Their findings show that the healing
assessment is best attempted by exploiting the bending and
twisting motion of the fixated femur. As a result, they recom-
mended a two-sensor measurement strategy (see Fig. 13).
Calculating the cross-spectral function between the two sen-
sors will allow one to determine the bending and twisting
modes of the construct. The coherence function facilitated
by signals from the two sensors provided assurance that the
modes assessed are not unduly affected by noise.

Figure 14 shows the cross-spectrum obtained with the
IM nail, which showed the sensitivity of the cross-spectrum
to the state of healing. These results were condensed by
Eq. (1) into the healing index and its time-derivative (see
Fig. 15). These results show the viability of a non-radiative
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Fig. 11 Development of frequency response function resulting from simulated healing (30 min epoxy): with mass loading a 0-30 min; b

40-60 min [45]

@ Springer



72

Biomedical Engineering Letters (2020) 10:63-81

0.01

-——=-Data
—©— Fitted Curve
Fitted Curve Gradient(HIt)

-10.005

Healing Index

—1-0.005

0 ! ! ! ! ! ! ! !
5 10 15 20 25 30 35 40 45 50
Cure time (minutes)
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Fig. 13 Sensor placement on the numerical model and excitation
point [48]

healing assessment technique based on vibration analyses.
The key to this is the utilisation of the two-sensor approach
that assists with the separation of the bending and the twist-
ing modes.

Chiu et al. [50] also investigated the mass loading effect
of soft tissue on the vibration-based methodology for healing
assessment. The femur was wrapped with dense and highly
damped plasticine to simulate soft tissue. They reported that
the added mass had a minor effect on the response for the
frequencies below 100 Hz. However, the change in the stiff-
ness reflected by the spectrum was heavily hindered by the
modelling clay for higher frequency modes, especially for
frequency higher than 200 Hz. Figure 16 shows an example
of the cross-spectrum obtained with the femur treated with
IM nail. Comparing the results shown in Fig. 14, the soft-
tissue effect is evident. However, the healing index derived
from Fig. 16 is able to define the state of healing of the mass
loaded femur. The result indicated that by using the healing
index, the rate of change in the healing index and cross-
spectrum could identify and monitor the fracture healing
(see Fig. 17). Based on the result of Chiu et al., a concept of
healing device with two transducers was established. How-
ever, a large-scale validation on accuracy and reliably of the

@ Springer

current concept is needed for application in a clinical trial,
especially the location of transducers.

5 Osseointegrated implant

Osseointegrated implant refers to a direct mechanical and
functional connection between the living bone and the sur-
face of the implant without the intervention of inter-posi-
tioned connective tissue [5, 51]. The trans-femoral osseoin-
tegrated implant (TFOI) is becoming a potential solution
to replace the conventional socket device for patients who
suffer from the above knee amputation [3]. Titanium alloy is
widely utilised in osseointegrated implant, due to its excel-
lent biocompatibility, superior mechanical properties and
high resistance to corrosion and repeated stress loading [5,
52]. Unlike conventional socket device, TFOI is inserted into
the skeletal system directly, providing better control of the
prosthetic limb and improving hip joint mobility. In addition,
the patients with TFOI have a fewer dermatological issue
and better bone quality for the residual limb [3, 4]. Cur-
rently, there are two types of TFOI available in the market,
the Osseointegrated Prostheses for Rehabilitation of Ampu-
tees (OPRA) system (Integrum AB, Goteborg, Sweden) and
the implant-supported prosthesis (ISP) Endo/Exo prosthesis
(Eska Implants AG, Liibeck, Germany). The OPRA system
consists of a threaded titanium fixation, which is inserted
into the medullary canal of the femur as illustrated in
Fig. 18a. While ISP device uses a 140-180 mm slight curved
titanium stem, fitting the shape of the medullary cavity, refer
to Fig. 18b. Both devices include a coupling element, which
protrudes through the skin, providing a connection for an
artificial limb. Patients treated with TFOI required two-stage
surgical procedures to achieve successful implantation. In
the first stage, TFOI is inserted into the medullary canal
and left unloaded for 6 to 8 weeks for the ISP system, and
3 to 6 months for the OPRA system. At the second surgery,
the coupling element is attached to the distal end of fixa-
tion. Then, patients will go through a rehabilitation period
in which load on the implant will gradually increase [53,
54]. It will take up to 18 months for TFOI capable of full
weight load bearing.

5.1 Stability of osseointegrated implant

There are two stages of stability in the progress of osse-
ointegration, primary and secondary. Primary stability is a
mechancial stability, occured at the moment when implant
inserted into bone tissue, to ensure implant is sufficient
for resistance to the torsional and axial movement [5-7, 55].
For example, the primary stability provided by the interlock
feature of TFOI such as the thread of OPRA and the slightly
curved shape of ISP. Primary stability has been described as
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4.5 5

Healing Index

an important prerequisite for the long-term implant fixation
not only for a hip replacement implant but also for TFOI
[5-7]. In addition, based on animal experiments, Pilliar
et al. [55] suggested a maximum value of 150 um for the
micro-motion between host bone and orthopaedic implant.
In recent year, similar results for the hip replacement implant
are exhibited in [56, 57]. Micro-motion in excess of 150 pm
will compromise the structural integrity of the bone—implant
system and lead to unsuccessful osseointegration to under-
take load-bearing period (rehabilitation period). Moreover,
insufficient primary stability will hinder the initial healing,
leading to fibrous tissue formation rather than bone forma-
tion [54, 57, 58].

The secondary stability, which is the result of bone heal-
ing and remodelling, is highly reliant on the state of osseoin-
tegration [59]. Several approaches, similar to the technique
of monitoring fracture healing, such as vibrational analysis,
acoustic emission, and guided wave application, were pro-
posed in a recent paper. Given that the concept of osseoin-
tegration implant originated from dentistry, the requirement
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Fig. 16 Development of cross-spectrum and coherence function resulting from simulated healing (30 min epoxy) a 0-36 min; b 48—180 min
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Fig. 17 Healing index [50]

in determining the stability of these implants has led to
approaches that included the resonance frequency analysis
(RFA). There are commercially available solutions such as
Osstell™ [SQ and Periotest™ instruments. Osstell™ ISQ
device, which transfers resonance frequency analysis value
to a parameter called the implant stability quotient (ISQ),
demonstrates the potential of RFA to measure the progress
of osseointegration. Similar technology will be needed to
assess the stability of TFOIL. However, due to the structural
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Fig. 18 Geometry of the OPRA (a) and ISP implant (b) [4]

difference such as the proportion of soft tissue and muscle
constraint, there are still some limitations in applying these
techniques to assessing osseointegration.
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5.2 Techniques of stability assessment
and monitoring for osseointegrated implants

There are different approaches to assess implant stability
in vivo, such as clinical X-ray and magnetic resonance imag-
ing (MRI). However, due to the distortion effect caused by
the implant, the application of these techniques is limited
[60]. The research reported in recent years evidenced the
potential of quantitative assessment of osseointegration with
similar techniques of monitoring fracture healing.

5.2.1 Techniques for monitoring primary stability

In the experiment on six rabbits conducted by Huang et al.
[61], they investigated the relationship between resonance
frequency and primary stability. They installed an implant
into the predrilled cavities of 3.75 and 5 mm to simulate
secure fit and loose fit condition to assess the primary sta-
bility on the left tibias of six rabbits. The result demon-
strated that the loosely fitted bone—implant system had lower
initial resonance frequency. In contrast, the securely fitted
the bone—implant system had higher initial resonance fre-
quency. The securely fitted bone—implant also recorded a
shorter healing time. The research [62] on the hip implant
stability also showed that the change in primary stability
could be described by the shift in resonance frequency in the
bone—-implant system. In the study reported by Cairns et al.
[63], they employed modal analysis to detect the change in
the boundary condition of an OPRA implant. In their experi-
ment, they applied two implant insertion torque: 4 Nm and
0.5 Nm to represent well-fitted and loose fit condition,
respectively. In addition, two types of boundary condition
were used: freely supported and cantilevered. Cairns et al.
used an electromagnetic shaker as an excitation source. In
the previous study of Carins [64], they demonstrated that the
forcing provided by an electromagnetic shaker is superior
to that obtained from an impact hammer in determining the
resonance frequencies due to better signal-to-noise ratio. A
sinusoidal sweep single with frequency ranging from 100 Hz
to 10 kHz was introduced to the shaker to obtain multiple
resonant frequencies of the bone—implant system. The
shaker and accelerometer were attached to the distal end of
the implant. Models were first tested in the Z axis and then
repeated in the Y-axis refer to Fig. 19. The result exhibited
that higher frequency modes, especially the second and/or
third bending mode in the Z-axis, were more sensitive to the
interface condition compared to the fundamental frequen-
cies (see Fig. 20). The higher frequency modes were useful
for determining the connection between bone and implant.
It means that these particular modes could be the indicator
of the osseointegration process. By tracking the change in
these particular modes over a specified frequency range, it is
possible to identify the degree of osseointegration.

ECylindncal E Threaded sectiong

£ section with flats

Fig. 19 Geometry of the femur—implant physical mode (a), insertion
length of the implant in the femur (b) and manufactured implant (c)
[63]

5.2.2 Techniques for monitoring secondary stability

Similar to the techniques utilizing in the monitoring of frac-
ture healing, the potential of non-radiative methodologies is
evidenced in the recent paper. Shao et al. [3] reported a study
investigating the potential of using changes in the natural
frequencies to assess the secondary stability of an implant
(i.e. the degree of osseointegration). Authors simplified the
implant as a cantilever beam, which is free to vibrate at one
end and fully fixed at the other. The Natural of frequency of
the beam vibration can be expressed in Eq. (2).

| EI

where L is the effective length of the beam; F is the elas-
tic modulus;  is the moment of inertia; p is the vibration
mass per unit length; o is a constant related to the degree of
osseointegration.

The natural frequency of a mechanical or structural sys-
tem (Eq. 2) is not affected by the properties of the excitation
force as shown in Eq. (2). Shao et al. [3] used one acceler-
ometer attached to the distal end of the implant to record the
vibration signal (0-300 Hz). The excitation was provided
by a pendulum. In their in vitro experiment, the saw-bone
model was clamped at the mid-span with different silicone
rubber applied on the interface between bone and implant
to simulate various stages of osseointegration. The result
demonstrated that the natural frequency increased as the
silicone rubber layers cured (elastic modulus increases). To
further investigate the state of osseointegration, they con-
ducted nine tests during a 40-year-old male patient’s reha-
bilitation progress. According to the result, a reduction of
natural frequency was detected after the first weight bearing,
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Fig.21 In-vivo NF measurements during the weight-bearing rehabili-
tation [3]

which indicated the lack of osseointegration (see Fig. 21).
Following that event, the natural frequency measured was
reported to increase gradually until the patient was capable
of bearing his full weight load. They concluded that there is
a clear correlation between the value of natural frequency
and load-bearing ability of the patient. A similar result was
also reported in an animal experiment [61] that the reso-
nance frequency increased significantly during the healing
period and peaked when the implant was united with bone.

Beside technique of employing natural frequency as
indicator to measure the secondary stability, Ruther et al.
[65]. reported on a novel acoustic method in their attempt to
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Table 1 Mean value +SD of the evaluated central frequencies cf over
4 weeks [65]

Measurement Central frequency (kHz)
m0 7.14+3.29
ml 6.01+3.73
m2 7.39+3.35
m3 10.59 £2.85
m4 13.56 +2.52

investigate the correlation between the frequency spectrum
of the recorded acoustic sound and the pulled-out strength.
In their work, a magnetic sphere was placed in a hollow cyl-
inder implant. An external magnetic field was used to excite
the sphere as an acoustic source. They conducted an experi-
ment on 20 rabbits with a specially designed implant inserted
and excited within the frequency band of 0 to 28 kHz. The
acoustic analysis was performed each week (denoted as m0
to m4). The result shown in Table 1 demonstrated that the
central frequency decreased in the first week, followed by a
significant increase until full osseointegration. Given that the
acoustic pattern of an implant highly depended on several
parameters such as bone dimension, implant position, and
distant to the measurement location, making it difficult to
conclude a standard of successful osseointegration.
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Similar to the technique used to monitor the fracture
healing process, guided wave (GW) method has significant
potential to assess implant stability [66, 69, 71]. GW method
was firstly applied in evaluated the stability of the dental
implant, and recently, this technique was also employed
as a monitoring tool for the stability of osseointegrated
implant [66—69]. Due to the similar process occurred at the
bone—implant interface, the verdict obtained from dental
implant could provide a foundation for the development
of GW application in osseointegrated implant. In recent
research, Wang and Lynch [66] reported an application of
the guided wave on assessing the degree of osseointegra-
tion of OPRA system. In their report, they used Gaussian
process regression to analyse the energy of reflected guided
wave (longitudinal wave mode) relative to the state of osse-
ointegration. They applied epoxy, which has 30-min cur-
ing time to the interface of bone and implant to simulate
the osseointegration process. According to the result of
finite element analysis and in vitro experiment, the trend of
energy variation was similar to the result of dental implant
reported in [60]. Their work demonstrated that the energy of
the reflected wave decreased in the first 30 min (epoxy cur-
ing). The energy plateaued when the epoxy was solidified. In

Intramedullary
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Extramedullary

Prosthesis Stem

Fig.22 The customizable OI design proposed by Russ et al. [70]
Input signal

Adhesive Epoxy
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Sensor (Far)

(a)

addition, the energy increased significantly after the “pull-
out” of an implant. These findings revealed that the energy
of the longitudinal wave mode was sensitive to the change
of interface condition and the capability of the GW method
in evaluating the degree of osseointegration. Similar influ-
ences were also reported in the works on dental implant
reported in [67, 68]. These result provided a general basis for
the development of guided wave application in monitoring
implant stability.

Recently, in the research funded by ONR, Vien et al. [69]
reported on a GW methodology to monitor the state of osse-
ointegration by incorporating embedded sensors on a novel
implant. The system was based on a customisable osseoin-
tegrated implants proposed by Russ et al. [70] (see Fig. 22).
Given that the cross-sectional shapes varied with anatomic
location along a femur, two types of cross-section were inves-
tigated: oval and triangular (see Fig. 23). The actuator, which
bonded to extramedullary struts, excited a 1 MHz triangular
pulse signal. Two transducers were employed in this experi-
ment refer to Fig. 23. Adhesive epoxy was applied to the
bone—implant interface to simulate the osseointegration pro-
cess. The core of specimens was filled with silicone to simula-
tion soft spongy bone in the medullary cavity, and plasticine
was applied to the around the whole specimen to investigate
the damping effect caused by soft tissue. According to the
result of previous FE simulation [71], a circumferential wave
mode was expected to propagate on both the oval and triangu-
lar cross-section implant.

Vien et al. introduced an osseointegration index (O-Index)
as shown in Eq. (3). The healing index compared the energy
of the signal transmitted from the actuator to the sensor to
baseline energy as a function of time. According to the result,
the frequency band of 130 to 250 kHz was the most sensitive to
the curing of the epoxy. In addition, the O-Index demonstrated
a clear increasing asymptotic trend relative to the curing time
for both oval and triangular implant, excepting the near case
for the triangular specimen (see Fig. 24). It is evident that the

Far Sensor

Fig. 23 a Sensors location, b oval and ¢ triangular-like specimens filled with silicone [69]
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damping effect caused by the silicone and plasticine had no
effect on O-Index and the ability of O-Index on evaluating the
degree of osseointegration. At the conclusion of the experi-
ment, researchers removed the plasticine and noted that the
result in Fig. 24c is attributed to the fact that the extramedul-
lary strut was not fully bonded with the bone model. They
showed that the O-Index is capable of assessing the progres-
sion of osseointegration, the achievement of complete osse-
ointegration and, equally as important, the lack of osseointe-
gration. However, the major barrier to its transition into the
clinical and research practice is the shortage of research on
diagnostic accuracy and reliability for various types of bone
cross-section. In addition, the effect of soft tissue requires fur-
ther investigation in the in vivo condition.
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where g(Tl t) is the time signal at any cure time; g(TO, t)
is the time signal (baseline signal) at initial cure time
T, = Omin; g(7, 1) is the difference in time signal relative to
initial cure time; G (f) is the Fourier Transform of the base-
line signal; G(T', f) is the Fourier Transform of difference in
cure time signal; (T; # Ty).

6 Conclusion

This paper reviewed works pertaining to the fracture heal-
ing assessment techniques that have been reported on. Par-
ticular emphasised is placed on the non-radiative tech-
niques that utilises the dynamic response of a fixated long
bone to determine the state of healing. The review also
provide an overview of the development and monitoring
of osseointegrated implants. TFOI, which improves joint
mobility and bone quality, was proposed in recent year as a
replacement treatment for the patient with a socket device.
However, excessive micro-movement at the bone—implant
interface leads to a failure osseointegration formation.

The review showed that there is a common thread
between the healing assessment of a fixated long bone and
the need to determine the primary and secondary stability
of osseointegrated implants. It is evident that the potential
of a dynamics-based methodology for quantitative assess-
ment is real. However, large-scale validation on repeatabil-
ity and accuracy of the results is needed. From the works
reviewed, there is a good prospect of further developing
the following non-radiative assessment tools:

a. Low-frequency vibration based technique for healing
assessment of long bones and the primary stability of
osseointegrated implants.

b. High-frequency acousto-ultrasonic based methodology
for assessing the secondary stability of osseointegrated
implants.
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