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Title: ENHANCER ELEMENT

(57) Abstract: An enhancer element (1) for use in intraoperative assess-
ment of coupling of an orthopaedic implant (5) to a bone is disclosed,

Fig. 1

wherein the implant and the bone form an implant-bone system having
a first set of vibrational modes with a first mode density in a frequency
range, wherein the enhancer element is mechanically couplable to the or-
thopaedic implant to form an enhancer-implant-bone system having a sec-
ond set of vibrational modes with a second mode density in the frequency
range, wherein the second mode density is greater than the first mode den-
sity. The enhancer element is mechanically couplable to a first end (4) of
the orthopaedic implant so that it is adapted to receive impaction blows for
introducing the implant to the bone. During a vibrational measurement,
the vibrational response of the enhancer-implant-bone system provides
information about the stiffness of the enhancer-implant-bone system.
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ENHANCER ELEMENT
Field of the Invention
The present invention relates to an enhancer element, in particular an enhancer element for
use in assessment of an implant-bone system.
Background
In surgical procedures to replace musculoskeletal joints, the initial stability of an orthopaedic
implant is important for the long term success of the artificial joint. The quality of contact can
be influenced by one or more of size of contact areas between the implant and the bone,
distribution of contact areas, and press-fit between the bone and the implant. However,
intraoperative assessment of the initial stability of an implant can be challenging, and surgeons
tend to rely on their experience and base their evaluation on subjective tactile, visual, and
audio feedback.
This can be a particular problem in press fitted implants, which are inserted by means of
impaction blows by a hammer. In such procedures it can be difficult to precisely determine the
optimal end point of insertion, which can influence the outcome of the joint replacement.
Fewer impaction blows than necessary can result in an unstable implant, whereas more blows
than necessary can result in fracture of the bone into which the implant is inserted.
Cristofolini et al, Med. Eng. Phys. June 2006; 28(5):475-82 describes a method in which the
angle of the stem/femur rotation under torsion and the torque are acquired and compared in
real-time to a pre-set threshold. However, applying such torque can stress the femur and
result in damage to the bone and its surroundings.
Furthermore, methods using impaction blows as the excitation event for a measurement may
be less sensitive as properties of the implant-bone system may change during the
measurement and no repeated measurement may be possible.
Among these methods, document W02015/187876 A1l describes a procedure of positioning
an implant in a bone, based on high-fidelity audio recordings of hammer hits during implant
installation. The comparison of the frequency bands with a database can be used to instruct a
user regarding fit of the instrument within a bone.
Document EP3260088 Al describes a similar approach, based frequency analysis of cumulative
data obtained from successive impacts during assembly between a prosthetic component and
a bone.
Document US2017/0196710 A1l shows a device, such as a modified sledgehammer or cockup

gun, for introducing prosthesis in bone cavities with improved force alignment, as well as
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sensors for detecting changes in pitch when the implant bottoms out. This type of device is
mainly useful for introducing acetabular cups, because for other types of interventions the
prosthesis does not necessarily reach the bottom of the bone.

Summary

According to a first aspect of the present invention, there is provided an enhancer element for
use inintraoperative assessment of coupling of an orthopaedicimplant to a bone, wherein the
implant and the bone form an implant-bone system having a first set of vibrational modes with
a first mode density in a frequency range, wherein the enhancer element is mechanically
couplable to the orthopaedic implant to form an enhancer-implant-bone system having a
second set of vibrational modes with a second mode density in the frequency range, wherein
the second mode density is greater than the first mode density. The enhancer element is
mechanically couplable to a first end of the orthopaedicimplant so thatitis adapted to receive
impaction blows for introducing the implant to the bone.

During a measurement of a vibrational mode, the vibrational response of the enhancer-
implant-bone system provides information about the stiffness of the enhancer-implant-bone
system.

It is an advantage of embodiments of the present invention that properties of an interface or
contact region between the implant and bone, such as the stability or fixation of the implant
in the bone, can be assessed with increased sensitivity. It is a further advantage of
embodiments of the present invention that such properties can be measured using an
excitation of greatly reduced physical force, that does not significantly alter the stability of the
implant and therefore the measurements can be repeated as many times as needed in order
to reduce the effect of the varying environmental noise. It is a further advantage of
embodiments of the present invention that the potential for damage to the bone may be
detected before such damage occurs. It is a further advantage of embodiments of the present
invention that the enhancer can provide an improved signal-to-noise ratio. It is a further
advantage of embodiments of the present invention that sensors are not required to be placed
directly on the implant, avoiding the requirement to sterilize electronic components. It is a
further advantage of embodiments of the present invention that implant fixation can be
measured using an element which does not need to be removed between measurements .
The first set of vibrational modes may comprise a first vibrational mode, the second set of

vibrational modes may comprise a second vibrational mode corresponding to the first
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vibrational mode, and the second vibrational mode may have a lower frequency than the first
vibrational mode.

The implant may have an implant mass and the enhancer element may have an enhancer
element mass similar to the implant mass, within 10% over or under the implant mass for
instance.

The implant may have an implant mass and the enhancer element may have an enhancer
element mass substantially equal to the implant mass.

The implant may have an implant first resonance frequency and the enhancer element may
have an enhancer element first resonance frequency which is substantially equal to the
implant first resonance frequency.

The enhancer element may comprise an excitation element configured to provide a vibrational
excitation to the enhancer-implant-bone system.

The enhancer element may comprise an excitation element configured to provide a vibro-
acoustic excitation to the enhancer-implant-bone system.

The frequency range may include frequencies from 0 Hz to 2,5 kHz.

The frequency range may include frequencies from 0 Hz to 5 kHz.

The enhancer element may comprise at least one sensor element disposed on the enhancer
element configured to detect a vibrational response of the enhancer-implant-bone system.
The implant may have an implant mechanical impedance, and the enhancer may have an
enhancer mechanical impedance which is substantially the same as the implant mechanical
impedance.

The implant may have an outer surface and the bone may have a cavity for receiving the
implant, the cavity having an inner surface; a contact region may be defined by a region of
contact between the implant outer surface and the cavity inner surface; and the second set of
vibrational modes may include at least one vibrational mode having an anti-node within the
contact region.

The implant may be a cementless implant.

The implant may be a cemented implant.

According to a second aspect of the present invention there is provided a system for
intraoperative assessment of insertion of an orthopaedic implant comprising an enhancer
element according to the first aspect and at least one detector configured to receive a

vibrational signal from the enhancer element.
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According to a third aspect of the present invention there is provided a system for
intraoperative assessment of insertion of an orthopaedic implant comprising an enhancer
element according to the first aspect and at least one detector configured to receive an
acoustic signal from the enhancer element.

The at least one detector may comprise at least one microphone.

According to a fourth aspect of the present invention there is provided use of an enhancer
element according to the first aspect or a system according to the second or third aspects for
detection of an endpoint of insertion of the implant.

According to a fourth aspect of the present invention there is provided use of an enhancer
element according to the first aspect or a system according to the second or third aspects for
detection of intra-operative periprosthetic fracture.

According to a fourth aspect of the present invention there is provided use of an enhancer
element according to the first aspect or a system according to the second or third aspects for
determining a stopping point of an implant insertion procedure.

Brief Description of the Drawings

Certain embodiments of the present invention will now be described, by way of example, with
reference to the accompanying drawings, in which:

Figure 1is a schematic perspective view of a first enhancer element according to embodiments
of the present invention;

Figure 2 is a schematic perspective view of an enhancer element according to embodiments
of the present invention coupled to an orthopaedic implant;

Figure 3ais a schematic perspective view of an implant disposed in a bone;

Figure 3bis a schematic cross section of a portion of a bone and an implant disposed in a cavity
in the bone;

Figure 4 is a schematic perspective view of an enhancer element according to embodiments
of the present invention coupled to an orthopaedic implant, the implant being disposed in a
bone;

Figure 5a is a plot of frequency response function amplitudes for the insertion process of a
cementless implant into a replicate composite femur;

Figure 5b shows the progression of subsidence of an implant for the insertion process of a
cementless implant into a replicate composite femur as measured using a caliper;

Figure 5c shows the cross-correlation function shift as a function of insertion step transition

for the insertion process of a cementless implant into a replicate composite n;
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Figure 5d shows the modification index for a frequency band including high frequency
information (100-4500Hz) as a function of insertion step transition for the insertion process of
a cementless implant into a replicate composite femur;

Figure 5e shows the modification index for a frequency band in a low frequency range (100-
750 Hz) as a function of insertion step transition for the insertion process of a cementless
implant into a replicate composite femur;

Figure 6a is a plot of frequency response function amplitudes for the insertion process of a
cementless implant into a cadaveric femur, as measured using an enhancer element according
to embodiments of the present invention;

Figure 6b shows the progression of subsidence of an implant for the insertion process of a
cementless implant into a cadaveric femur as measured using a caliper ;

Figure 6¢ shows the cross-correlation function shift as a function of insertion step transition
for the insertion process of a cementless implant into a cadaveric femur

Figure 6d shows the modification index for a frequency band including high frequency
information (100-4500Hz) as a function of insertion step transition for the insertion process of
a cementless implant into a cadaveric femur;

Figure 6e shows the modification index for a frequency band in a low frequency range (100-
750 Hz) as a function of insertion step transition for the insertion process of a cementless
implant into a cadaveric femur;

Figure 7a illustrates the division of a bone-implant contact zone into 24 contact zones of equal
length;

Figure 7b shows the evolution of resonance frequencies of a cementless bone-implant system
during insertion of the implant;

Figure 8aillustrates the third ML mode shapes of the bone implant system, with a resonance
frequency of approximately 2kHz at contact zone six;

Figure 8b is a plot of the resonance frequency of the second and third ML modes as a function
of increasing contact zone;

Figure 8cillustrates the second ML mode shapes of the bone implant system with a resonance
frequency of approximately 1kHz at contact zone six;

Figure 9a illustrates the second ML bending mode of a bone-implant system;

Figure 9b illustrates the third ML bending mode of a bone-implant system;

Figure 9c is a plot of the resonance frequency as a function of contact zone for the second and

third ML bending zones;
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Figure 10a is a schematic cross-section of a bone-implant system indicating the relative
positioning of the calcar zone (at 6.7%) and the full proximal zone;

Figure 10b illustrates the deformed bending (B) and longitudinal (L) mode shapes and
corresponding MSED distribution of a simplified beam model. The location on the beam at
which the element stiffness was changed, was progressively moved from a position located at
0.1% of total length to a position located at 50% of total length;

Figure 10c is a table presenting the percentage change in resonance frequency for the first 13
resonance frequencies, as a function of position on the beam at which element stiffness was
changed;

Figure 11a is a schematic perspective view of an enhancer element of the ‘beam’ form
according to embodiments of the present invention, the enhancer element being coupled to
an implant;

Figure 11b illustrates the first bending mode of the implant-enhancer system of Figure 11a;
Figure 11c illustrates the second bending mode of the implant-enhancer system of Figure 11a;
Figure 11d is a schematic perspective view of an enhancer element of the ‘delta’ form
according to embodiments of the present invention, the enhancer element being coupled to
an implant;

Figure 11e illustrates the first bending mode of the implant-enhancer system of Figure 11d;
Figure 11f illustrates the second bending mode of the implant-enhancer system of Figure 11d;
Figure 12a is a schematic perspective view of a finite element model of an implant inserted
into a bone;

Figure 12b is a schematic perspective view of a finite element model of an enhancer element
of the beam type coupled to an implant inserted into a bone;

Figure 12c is a schematic perspective view of a finite element model of an enhancer element
of the delta type coupled to an implant inserted into a bone;

Figure 13aillustrates an implant along with the frequency response function amplitudes of the
implant within a bone as a function of frequency for proximal loosened and fully fixed states
and its Pearson coefficient as a function of frequency for a range of modal damping values;
Figure 13b illustrates an enhancer element of the beam type coupled to an implant along with
the frequency response function amplitudes of a system comprising the enhancer and implant
wherein the implant is disposed in a bone, as a function of frequency for proximal loosened
and fully fixed states and its Pearson coefficient as a function of frequency for a range of modal

damping values;
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Figure 13c illustrates an enhancer element of the delta type coupled to an implant along with
the frequency response function amplitudes of a system comprising the enhancer and implant
wherein the implant is disposed in a bone, as a function of frequency for proximal loosened
and fully fixed states and its Pearson coefficient as a function of frequency for a range of modal
damping values;

Figure 14 illustrates the MSED distribution for implant mode shapes corresponding to a range
of resonance frequencies in the antero-posterior and medio-lateral planes;

Figure 15a is a visual matrix representation of MAC values for bone-implant-enhancer systems
comprising an enhancer according to embodiments of the present invention;

Figures 15b and 15c are plots of the frequency response functions of enhancer elements of
the beam type and the delta type, respectively;

Figures 15d and 15e illustrate bending modes of bone-implant-enhancer systems for
enhancers of the beam time and the delta type, respectively;

Figure 16a illustrates a frequency response function and bending modes in the ML direction
for the beam model;

Figure 16b illustrates a frequency response function and bending modes in the ML direction
for the delta model;

Figure 17a is a photograph of an enhancer element of the beam form according to
embodiments of the present invention;

Figure 17b is a photograph of an enhancer element of the delta form according to
embodiments of the present invention;

Figure 18 illustrates three experimental model configurations tested, including a reference
bone-implant system, a bone-implant-enhancer system where the enhancer is of the beam
form, and a bone-implant-enhancer system where the enhancer is of the delta form;

Figure 19ais a plot of implant subsidence as a function of insertion step for the bone-implant
enhancer system where the enhancer is of the delta form;

Figure 19b is a plot of the frequency response function of the bone-implant enhancer system
measured at various insertion steps where the enhancer is of the delta form;

Figure 20 shows the frequency response function for insertion steps 6, 7, and 8 in the low and
high frequency ranges, and the PC and FRAC for the low and high frequency ranges, for the

reference bone-implant system of Figure 18;
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Figure 21 shows the frequency response function for insertion steps 6, 7, and 8 in the low and
high frequency ranges, and the PC and FRAC for the low and high frequency ranges, for the
bone-implant-enhancer system of Figure 18 wherein the enhancer is of the beam form;
Figure 22 shows the frequency response function for insertion steps 6, 7, and 8 in the low and
high frequency ranges, and the PC and FRAC for the low and high frequency ranges, for the
bone-implant-enhancer system of Figure 18 wherein the enhancer is of the delta form;
Figure 23 shows the PC and FRAC metrics as a function of insertion step transition, for the
bone-implant-enhancer system of Figure 17 wherein the enhancer is of the delta form, in the
frequency range 100-2500Hz;

Figure 24 is a schematic cross-section of a second enhancer element according to
embodiments of the present invention, the second enhancer element being shown coupled to
an implant, the implant being disposed in a bone;

Figures 25a-g show various perspective and cross-sectional views of an enhancer element
according to embodiments of the present invention;

Figure 26 is a plot of FRF amplitudes of a bone-implant system (dashed line) and a bone-
implant enhancer (solid line) system measured in the medio-lateral direction, for the enhancer
of Figure 25;

Figure 27 is a plot of FRF amplitudes of a bone-implant system (dashed line) and a bone-
implant enhancer (solid line) system measured in the antero-posterior direction, for the
enhancer of Figure 25;

Figure 28a illustrates the undeformed and 3™ bending mode of a bone-implant-enhancer
system wherein the enhancer is a second enhancer element according to embodiments of the
present invention;

Figure 28b illustrates the undeformed and 3™ bending mode of a bone-implant system;
Figure 29 is a plot of the acoustic amplitude FRF for an implant insertion experiment, as
measured in the AP direction to illustrate the change in vibro-acoustic behavior. The implant
was inserted in 10 steps. The FRF's measured at step 3, 5, 8, and 10 are plotted as an
illustration;

Figure 30 is a plot of the Frequency Assurance Criterion (FRAC) calculated between every
insertion step for the insertion experiment of Figure 29;

Figure 31 is a plot of an acoustic output only spectrum of an implant insertion experiment

measured in the AP direction illustrating the change in vibro-acoustic behavior. The implant
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was inserted in 16 steps. The FRFs measured at step 1, 4, 7, 10, 13 and 16 are plotted as an
illustration;

Figure 32 is a plot of Pearson Correlation Coefficient (PCC) calculated between every two
subsequent insertion steps for the experiment of Figure 31 using an output-only acoustic
approach performed in the AP direction;

Figure 33 is a schematic diagram of a system according to embodiments of the present
invention comprising an enhancer element which is couplable to an implant;

Figure 34 is a flow chart of a method according to embodiments of the present invention;
Figure 35 is a perspective view of a connecting configuration for coupling an enhancer element
according to embodiments of the present invention to an implant;

Figure 36 is a side view of a connecting configuration for coupling an enhancer element
according to embodiments of the present invention to an implant, and a screwdriver;

Figure 37 is a schematic plan view of an enhancer element according to embodiments of the
present invention comprising a radiating surface.

The drawings are only schematic and are non-limiting. In the drawings, the size of some of the
elements may be exaggerated and not drawn on scale for illustrative purposes.

Any reference signs in the claims shall not be construed as limiting the scope.

In the different drawings, the same reference signs refer to the same or analogous elements.

Detailed Description of Certain Embodiments

The present invention will be described with respect to particular embodiments and with
reference to certain drawings but the invention is not limited thereto but only by the claims.
The drawings described are only schematic and are non-limiting. In the drawings, the size of
some of the elements may be exaggerated and not drawn on scale for illustrative purposes.
The dimensions and the relative dimensions do not correspond to actual reductions to practice
of the invention.

Furthermore, the terms first, second and the like in the description and in the claims, are used
for distinguishing between similar elements and not necessarily for describing a sequence,
either temporally, spatially, in ranking or in any other manner. It is to be understood that the
terms so used are interchangeable under appropriate circumstances and that the
embodiments of the invention described herein are capable of operation in other sequences

than described or illustrated herein.
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Moreover, the terms top, under and the like in the description and the claims are used for
descriptive purposes and not necessarily for describing relative positions. It is to be
understood that the terms so used are interchangeable under appropriate circumstances and
that the embodiments of the invention described herein are capable of operation in other
orientations than described or illustrated herein.

It is to be noticed that the term “comprising”, used in the claims, should not be interpreted as
being restricted to the means listed thereafter; it does not exclude other elements or steps. It
is thus to be interpreted as specifying the presence of the stated features, integers, steps or
components as referred to, but does not preclude the presence or addition of one or more
other features, integers, steps or components, or groups thereof. Thus, the scope of the
expression “a device comprising means A and B” should not be limited to devices consisting
only of components A and B. It means that with respect to the present invention, the only
relevant components of the device are A and B.

Reference throughout this specification to “one embodiment” or “an embodiment” means
that a particular feature, structure or characteristic described in connection with the
embodiment is included in at least one embodiment of the present invention. Thus,
appearances of the phrases “in one embodiment” or “in an embodiment” in various places
throughout this specification are not necessarily all referring to the same embodiment, but
may. Furthermore, the particular features, structures or characteristics may be combined in
any suitable manner, as would be apparent to one of ordinary skill in the art from this
disclosure, in one or more embodiments.

Similarly it should be appreciated that in the description of exemplary embodiments of the
invention, various features of the invention are sometimes grouped together in a single
embodiment, figure, or description thereof for the purpose of streamlining the disclosure and
aiding in the understanding of one or more of the various inventive aspects. This method of
disclosure, however, is not to be interpreted as reflecting an intention that the claimed
invention requires more features than are expressly recited in each claim. Rather, as the
following claims reflect, inventive aspects lie in less than all features of a single foregoing
disclosed embodiment. Thus, the claims following the detailed description are hereby
expressly incorporated into this detailed description, with each claim standing on its own as a
separate embodiment of this invention.

Furthermore, while some embodiments described herein include some but not other features

included in other embodiments, combinations of features of different embodiments are



WO 2020/008003 PCT/EP2019/068036

10

15

20

25

30

11

meant to be within the scope of the invention, and form different embodiments, as would be
understood by those in the art. For example, in the following claims, any of the claimed
embodiments can be used in any combination.

In the description provided herein, numerous specific details are set forth. However, it is
understood that embodiments of the invention may be practiced without these specific
details. In other instances, well-known methods, structures and techniques have not been
shown in detail in order not to obscure an understanding of this description.

Referring to Figure 1, a first enhancer element 1 according to embodiments of the present
invention is shown. The first enhancer element 1 is a mechanical enhancer element. The first
enhancer element 1 comprises a first implant coupling portion 2 and a first matching portion
3. The first implant coupling portion 2 includes a first end portion 4 which is mechanically
couplable to an orthopaedic implant (Figure 2). Referring to Figure 2, the first enhancer
element 1 is configured to couple mechanically to an orthopaedic implant 5 at the first end
portion 4 of the first enhancer element 1. The mechanical coupling may be assisted by, for
example, a screw or bolt attachment (not shown).

The orthopaedic implant 5 comprises a first end 6 and a second, opposite end 7. During a joint
replacement procedure, the orthopaedic implant 5 is introduced to a bone (not shown) by
positioning the second end 7 of the implant 5 in a prepared cavity in the bone (Figure 3) and
applying one or more impaction blows at the first end 6, so as to provide an impaction force.
The first enhancer element 1 is configured to couple to the implant 5 at the first end 6 of the
implant 5. This allows the first enhancer element 1 to be easily removable from the implant 5
without disturbance to the implant 5 or the bone (Figure 3).

Moreover, the placement of the enhancer element 1 may not disturb insertion. It may leave
enough space on the first end 6 of the implant 5 so that implant 5 can be inserted, for example
by impaction blows provided directly on the first end 6 of the implant 5. This is shown in
Figures 3b, 18, 24 and 33, for example. In some embodiments, the enhancer element 1 is
placed on the neck of the implant 5.

Referring to Figures 3a and 3b, a bone-implant system 8 is shown comprising an implant 5
inserted into a bone 9. The bone 9 extends between a first end 10 and a second end 11 in a
first direction z. The implant 5 is inserted in the first direction z into a prepared cavity 12 in the
bone 9 at the first end 10. The bone-implant system comprises a contact region 13 which is a
region of contact between an outer surface of the implant 5 and an inner surface of the bone

9 in the cavity 12.
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During installation of the implant 5, impaction blows are provided at the first end 6 of the
implant 5. The stability of the implant 5 within the bone 9 can be influenced by the quality of
contact in the contact region 13. Most of the contact is established in the final steps of the
insertion process. Implant movement however is very limited in these last few steps and is
generally in the order of magnitude of millimeters or less. The enhancer 1 according to
embodiments of the present invention allows to provide a structural health monitoring system
capable of assessing the stability of a bone-implant system which is sensitive to changes in
stiffness and/or damping in the contact region. Such changes are reflected in the vibrational
behavior of a system formed by the enhancer 1, the implant 5, and the bone 9.

In some embodiments the enhancer is sensitive to stiffness and/or damping in a sub-region of
the contact region, for example a sub-region which is closer to the first end 10 or the second
end 11 of the bone. Contact build-up in such a sub-region may be important for stability of the
bone-implant system. The location, size, and shape of the sub-region may depend on the type
of implant (for example a primary implant, a revision implant). In some embodiments, the sub-
region is a region which extends for approximately one-third of the bone length and is at the
first end 10 of the bone. In some embodiments, the sub-region may be chosen as a region
which is more sensitive to the buildup of contact than other sub-regions of the contact region,
for example a region in which at least one vibrational mode has an anti-node.

The sub-region may be chosen to be appropriate for the particular type of implant in use. An
implant can be designed to build up its stability at a specific region of contact between the
implant and the bone. For example, a primary implant may be designed to build up its stability
in a proximal region due to the tapered geometry of the bone at the proximal zone, which
allows a good press-fit of the implant, and the sub-region may preferably be chosen to include
the proximal zone. During primary total hip arthroplasty there is generally enough healthy
bone available in the proximal zone. For a revision implant, there may be significant bone loss
at the proximal region and so press fit may need to be provided at a more distal zone, and the
sub-region may be chosen to be further from the first end 10 of the bone than for a primary
implant.

Referring to Figure 4, an enhancer-implant-bone system 15 is shown comprising the implant 5
inserted into the bone 9 and the first enhancer element 1 coupled to the implant 5. The
enhancer-implant-bone system 15 comprises a contact region 13 as described in relation to

Figures 3a and 3b.
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In use, the enhancer 1 is coupled to the implant 5 and is excited by applying a force to the
enhancer 1. Such a force may be applied by, for example, applying an oscillating signal
generated by a shaker or by applying one or several light hammer impacts to the matching
portion 3 or the implant coupling portion 4 of the enhancer 1. The direction and location of
the application of force may be chosen in dependence upon the vibrational modes to be
measured, for example the force may be applied at or near an anti-node of a mode to be
measured. The force may be applied in the same plane as the plane of vibration of a mode to
be measured. The mode to be measured is preferably a mode having an anti-node at or near
a contact region in which contact builds up for good fixation of the implant.

The resulting vibrational response of the enhancer-implant-bone system 15 can be detected
using, for example, one or more sensors 20 which may be vibrational sensors. The one or more
sensors may comprise an accelerometer, a velocity sensor disposed on the enhancer 1, a
microphone, a laser vibrometer. A vibrational sensor is preferably positioned at or near an
anti-node of a vibrational node to be measured.

The vibrational response of the enhancer-implant-bone system 15 provides information about
the stiffness of the system 15. The vibrational response can be affected by one or more factors
such as tissue surrounding the bone. The stiffness can be affected by the degree to which the
implant 5 is inserted into the bone 9, the condition of the bone 9, the presence of fractures in
the bone 9, the degree of proximal contact between the bone 9 and the implant 5 in the
proximal region. Thus by monitoring the vibrational response of the system 15 during
installation of the implant 5, by exciting the enhancer 1 (e.g. by applying a force on the
enhancer as explained earlier) after one or more impaction blows for installing the implant 5,
the surgeon can decide whether an optimal fitting of the implant has been achieved and
whether further impaction blows to the implant 5 would be likely to cause damage or fractures
to the bone 9. It is noted that the enhancer is configured to be excited with a force that is
usually not in the same direction and/or with the same magnitude as the force applied during
impaction blows for installing the implant. The nature (e.g. amplitude and/or direction) of the
force of an impaction blow is different from the excitation of the enhancer 1 during a
vibrational measurement. The enhancer is adapted to receive an excitation by a force which
may have different direction from the force applied with an impaction blow; additionally the
magnitude of the force of an impaction blow is usually much higher than the excitation force
of the enhancer. Moreover, the impaction blow is provided on the implant, rather than on the

enhancer.
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Examples

Example embodiments of a first enhancer 1 are herein described. However, it will be
understood that the present invention is not limited thereto, and other embodiments are
possible within the scope of the present invention.

A bone-implant system was investigated through experiment and modelling to determine its
vibrational response, also referred to as frequency response function.

A composite femur model (Sawbones model 3403 (size medium), Sawbones Europe AB,
Malmg, Sweden) and a frozen embalmed human cadaveric femur model were prepared by an
experienced surgeon for implantation of an uncemented Mathys Twinsys size 12 implant
(Mathys Medical, Bettlach, Switzerland) using manufacturer provided standard instruments.
The cadaveric bone model was thawed overnight prior to the experiment. After preparation,
the implant was hammered in by the surgeon. After every hammer blow, the depth of the
implant was measured using a digital caliper and a frequency response function (FRF) was
collected. The FRF was measured on the neck of the implant in the antero-posterior (AP)
direction. The excitation was performed by impaction using a modal hammer (PCB 086C03)
and the acceleration response was measured using a lightweight accelerometer (PCB
A352A24). The excitation and measurement locations were opposite of each other on the neck
of the implant, hence a direct FRF was measured. Data acquisition and conditioning were
performed using a spectral analyzer (LMS SCADAS Mobile, Siemens PLM Software, Leuven,
Belgium) and corresponding software (LMS Test Lab). The sampling frequency was set to 20.48
kHz, the frequency resolution was 0.625 Hz. Four resonance frequencies with the highest
amplitude in the FRF and their damping factors were extracted using the Polymax algorithm
inarange of 100—4500 Hz. All other data processing was performed in Matlab (Matlab, Natick,
MA, USA). Free—free conditions were simulated as these boundary conditions were proven to
closely mimic the in vivo situation.

Two metrics were used to assess the change in FRFs between insertion steps; the Pearson’s
correlation (PC) and the cross-correlation function (CCF). The shift associated with the highest

CCF value was reported.
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Where |H(f)|N is the amplitude of the FRF obtained at insertion step N. The PC is calculated

in a frequency range from a to b.

> GHD Iy —TH(DIy_ DUH Ry —THDly
\/Ej__w Dy —TH DTy, )? \/Z (H(f+) |y ~THT ] )2

for k = 0,+ — 1Af, + - 2Af...

CCF(k

Higher frequencies generally tend to be more sensitive to changes of the bone-implant system
during the insertion process, for example as described in Qi et al, “How much can a vibrational
diagnostic tool reveal in total hip arthroplasty loosening?”, Clinical Biomechanics 18 (5) 444-
458. To exemplify this, two frequency bands were selected to calculate the PC metric; one in
a low frequency range (LF: 100-750 Hz) and one including the higher frequency portion of the
FRF (HF: 100-4500 Hz).

A Modification Index (Ml), which varies between zero and one, is calculated as:

Modification Index =1 —PC

The term ‘Modification Index’ is preferred over the more commonly used ‘Damage Index’ (Dl),
as the insertion process is more a procedure of modifying and building the interface between
bone and implant rather than damaging it. Low values of the Modification Index indicate little
change is effected to the bone-implant system between insertion steps.

Figures 5 and 6 summarize the results from these insertion experiments. The implant needed
eight steps to reach a fully inserted position for the composite bone model (Figure 5) and
subsided approximately 14 mm during the insertion process, compared to 12 steps and a total
subsidence of 18 mm for the cadaveric bone model (Figure 6). Comparable in both insertions
was that the majority of the subsidence is realized in the first steps and with rather limited

subsidence in the last few steps.



WO 2020/008003

16

PCT/EP2019/068036

Apparent convergence of the FRF feature as the endpoint of insertion nears can be observed

in Figures 5a and 6a.

Table 1: Resonance frequencies and modal damping coefficients extracted from the experimental FRFs for the

replicate composite femur model and the cadaveric femur model
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Contrasting the results obtained for the Ml when calculated for the band without and the band
including the high frequency information, little differences are observed for the cadaveric
bone model. The composite bone model shows similar values for the Ml in the first three steps
of the insertion, where the geometry of the bone-implant system is changing significantly, and
then display a higher sensitivity in the HF range for the final five steps, where proximal contact
between bone and implant is established. The main reason for this difference in results
between the cadaveric and composite bone model is the difference in damping in the two
systems. This is visible in the plotted FRFs of Figures 5a and 6a.

Although the progression of the vibrational behavior is similar for the composite and cadaveric
bone models, the influence of damping on the measured FRFs is not, especially at higher
frequencies (above 1000 Hz). The limited sensitivity of the lower frequency modes and the
difference in damping between the composite and cadaveric bone model are also evidenced
when comparing the respective resonance frequencies and modal damping parameters

corresponding to the four highest amplitude peaks in the FRF (table 1). It is clear that higher
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frequency range shows higher sensitivity to bone-implant system changes, especially towards
the end of the insertion process.

Simulations were also performed to investigate the effect of bone to implant contact changes
on the vibrational behavior of a cementless bone-implant system. A model was used as
described in Leuridan et al., Determination of replicate composite bone material properties
using modal analysis Journal of the Mechanical Behavior of Biomedical Materials (66), art.nr.
S$1751-6161(16)30372-1, 12-18. Referring to Figure 7a, the region around the stem was divided
in 24 contact zones of equal length. The numerical experiment simplifies the mechanics of the
contact building process as it changes contact in discrete incremental steps around the
implant, moving from bottom (zone 24) to top (zone one). Contact was established by
equivalencing matching nodes on bone and implant surface, corresponding to a glued contact
condition. In order to isolate the influence of the contact, the position of the implant relative
to the bone was kept constant. At every step a modal analysis was performed calculating the
mode shapes and resonance frequencies using MSC Nastran (MSC Nastran, MSC Software,
Newport Beach, CA, USA). Pre -and post-processing of the models was done in LMS Virtual Lab
(Siemens PLM Software, Leuven, Belgium).

Figure 7b shows the evolution of the resonance frequencies as the contact is changed around
the implant. The x-axis lists the zones that are incrementally brought into contact. For example
zone 16 on the x-axes presents the resonance frequencies for the case where contact is
established between bone and implant in zones 24-16. Similarly for 15, for which contact is
then established in zones 24-15 etc. Thus for every step one additional zone is added to the
total region already in contact. For ease of interpretation, the following convention is
assumed; Medio-Lateral (ML) mode shapes have most of their deformation in the frontal plane
and Antero-Posterior (AP) mode shapes have most of their deformation in the sagittal plane.
The frontal plane coincides with the plane of the cross section of Figure 7a. The sagittal plane
is perpendicular to the frontal plane and includes the dashed line AP shown in Figure 7a.

The changes in resonance frequencies are reported in the range 10-4500 Hz, analogous to the
experimental range. A few observations stand out. Firstly, when contact is changed in the
proximal zone (contact zones 1-8), resonance frequencies below 2000 Hz are very little
changed. Secondly, not all resonance frequencies change at the same time when contact is
altered. For example, the resonance frequency associated with the third AP mode (with a
resonance frequency around 1000 Hz at contact zone 16) shows an important change when

contact zones 15-10 are brought into contact.
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The resonance frequency associated with the fourth AP bending mode (resonance frequency
around 1500 Hz at contact zone 16) is little influenced by this change. Resonance frequencies
were tracked using the Modal Assurance Criterion (MAC [3]) in the 10-3000 Hz range. The
evolution of the first four

AP and ML bending modes could thus be followed. Mode shapes above 3000 Hz generally
displayed combined transverse, longitudinal and torsional behavior impeding adequate
tracking.

The evolution of the resonance frequencies displays mode veering and crossing. Mode veering
refers to the rapid approach of two eigenvalue branches when a variable system parameter is
changing and that then veer away and diverge instead of cross. This phenomenon is strongest
in weakly coupled systems, but can also manifest itself to a lesser extent in strongly coupled
systems. The bone-implant system under study could be considered an example of the latter.
Figure 8 illustrates in more detail what is happening to the mode shapes of the bone-implant
system as the contact parameter changes and as a result the resonance frequencies approach
each other (Figure 8b). The phenomenon is easiest to illustrate when moving from a well fixed
contact situation (zones 6-24 in contact) to a more loosened situation (zones 16-24 in contact).
The third ML bending mode (Figure 8a) starts at 2000 Hz and gradually evolves into the second
bending ML mode (Figure 8c) as the contact area changes. This mode shape then starts to
interact with the mode shape of the ML mode below (second bending mode at 1000 Hz), which
in its turn veers down and will evolve into the first bending mode.

Figure 9 provides insight into when mode shapes start to be affected by contact changes
between bone and implant. The Modal Strain Energy Density (MSED) is depicted for a fully
fixed bone-implant system for the second (Figure 9a) and third (Figure 9b) ML bending mode.

The MSED for the ith mode shape can be calculated as follows:
PR |
MSED; = 5¢; K¢;

where ¢; is the ith mode shape vector and K is the global stiffness matrix, (.)" indicates the
vector transpose. Reading the resonance frequency graph of Figure 9c from left to right, it can
be seen that when a change is made to a zone that is strained by that particular mode shape
(e.g. zone nine for the third mode shape), the resonance frequency is affected. Loosening of
that zone locally reduces the stiffness of the bone-implant system. Mode shapes and
resonance frequencies may only be affected by changes in stiffness if the zone where the

stiffness changes is loaded by that particular mode shape. Stiffness changes to locations with
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the highest modal strain energy density can have the most impact on modal parameters of
that mode. Local changes to the mass of the system can best be observable as a change in a
mode shape and corresponding resonance frequency if that change is made at a location with
maximum kinetic energy.

For the system under study, mode shapes and resonance frequencies are affected when a
contact zone change nears a region with elevated MSED for a particular mode (e.g. zone nine
for the third ML bending mode), is highest when it is in the vicinity of the maximum MSED for
that mode (zones 10-12) and then levels of once it passes the point of maximum deflection for
that mode. Subsequently it then enters into the MSED region of the mode below (zone 13
entering the region of elevated MSED of the second ML bending mode). The mode shape
transitions in this example are most pronounced in zones 10-12 and are accompanied by
important changes in resonance frequencies for that mode. It is clear from these results that
lower frequency modes put little strain on the proximal zones and thus any changes in stiffness
in this region due to contact build-up between bone and implant go largely unaffected.
These insights into the change of the vibrational response as an implant is inserted can be used
to determine properties of an enhancer element according to embodiments of the present
invention. An enhancer element according to embodiments of the present invention can have
one or more advantages such as being compact, not requiring an assistant to perform the
excitation, not requiring a modification of the implant, using a vibrational excitation that is
separate from the impaction blows which can be of much less force than the impaction blows
and thus not changing substantially the seating of the implant in the bone during
measurement and thus allowing repeating of the measurements.

The dimensions and shapes described herein are understood to be examples only and the
present invention is not limited thereto.

Referring again to Figure 1, the dimensions of the implant coupling portion 2 can be
determined, for example, so as to avoid contact of the enhancer 1 with the patient’s tissue
which may lead to unintended energy dissipation, sensors and actuators which may be
disposed in or on the enhancer 1 are preferably located at a distance that clears the thickness
of the skin and subcutaneous tissue layers. The combined thicknesses of subcutaneous tissue
and skin layers have been reported to range from 4.57 mm (SD 1.55) to 13.26 mm (SD 4.45)
for male subjects, with the former for subjects with a BMI < 17 and the latter for subjects with
a BMI above 25. Female subjects can have thicknesses which vary from 6.39 mm (SD 1.86) to

14.82 mm (SD 7.11) in soft tissue layer thickness with a similar BMI range. In order to
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comfortably surmount these soft tissues zones, the minimal length of the end portion 4 was
set to 40 mm. Avoidance of the working zone of the surgeon and the requirement to stay clear
of the soft tissue layers define the outer boundaries of the design space for the enhancer
element.

The implant coupling portion 2 preferably should allow swift mounting and dismounting of the
enhancer 1 without damaging the implant 5. The Profemur implant is fitted with an internal
conical Morse taper and a hole with a M7 thread which can be used as a slot for the implant
coupling portion of the enhancer. A torque wrench can be used to control the maximum
torque applied to the screw to engage the coupling portion.

Intra-operative use means sensors and actuators which may be provided in or on the enhancer
are preferably sterilizable or that part of the enhancer on which they are mounted can be
packaged, similar to robotic applications. The material choice is subject to a similar
requirement concerning sterilizability. Stainless steel (SS 316) or a titanium alloy (Ti6Al4V),
both of which are used extensively in surgical instruments and have good sterilization
properties, could be used.

The implant coupling portion 2 can be coupled to the implant by mounting into the conical
Morse taper of the implant and can fixed using a screw, for example M7 screw.

The matching portion 3 of the enhancer 1 can allow to modify the vibrational response of the
enhancer-implant-bone system. This can allow the modal strain energy distribution of the
system to be altered. As was shown hereinbefore in the experimental and simulated results,
the distribution of the modal strain energy has an important influence on the detectability of
a contact change in a particular zone and changes in the critical proximal zone may only be
detectable in the higher frequency range. It was also shown that the higher frequency range
typically exhibits higher modal damping, thereby reducing its contribution to the FRF feature.
In embodiments wherein one or more sensors or actuators are provided on or in the enhancer
1, dimensions of the implant coupling portion 2 can be chosen so as to accommodate these.
However, in some embodiments sensors or actuators may not be provided in or on the
enhancer 1 and may be provided separately to the enhancer and connected to the enhancer
when required.

Common mounting thread sizes for accelerometers or actuation equipment range from 10-32
UNF to 1/4-28 UNF, corresponding in metric pitch sizes to an M5 x 0.8 and M6 x 1. By way of
example, in some embodiments, to allow sufficient surface space to fix and tighten the sensors

or actuators, an additional 1.5 mm around the threaded hole can be provided. This practical
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consideration translates to a minimum height and length of the implant coupling portion 2 of,
for example, 9 mm.

The shape, size, and dimensions of the matching portion 3 can be chosen so as to change the
modal strain energy distribution of the enhancer-implant-bone system so that the number of
mode shapes which display high MSED values in the proximal region is increased (and thus will
be sensitive to changes in this region) and optionally so that that this region is interrogated by
modes in a lower frequency range to mitigate the influence of damping. Put differently, the
implant-bone system may have afirst frequency response function, and the enhancer-implant-
bone system may have a second frequency response function, and the matching portion 3 may
be configured such that the mode density of the second frequency response function in a
frequency range is greater than the mode density of the first frequency response function in
the same frequency range. The frequency range may have a lower frequency limit of 0 Hz, 100
Hz, 500 Hz, or intermediate or greater values. The frequency range may have an upper
frequency limit of 500 Hz, 1 kHz, 2 kHz, 3 kHz, 4 kHz, 5 kHz, or intermediate or greater values.
For example, the frequency range may be from 0 Hz to 2 kHz or from 0 Hz to 4.5 kHz. The
skilled person will appreciate that other frequency limits and ranges are possible within the
scope of the present invention and the present invention is not limited to the specific
frequency limits and ranges disclosed herein.

The influence of geometrical changes to the implant-bone system can be seen in the following
simulations. To reduce the complexity inherently present when working with biomechanical
constructs, the bending and longitudinal behavior of a bone-implant system may be
approximated by a simple beam model . For the results of this experiment, material properties
nor geometry needed to correspond to those found for the bone-implant system. The model
consists of 1000 linear beam elements, has a circular cross-section with a radius of 10 mm and
a length of 1000 mm. Homogeneous material properties were chosen with an E-modulus of
100 GPa and a density of 4 g/cc. The first 13 flexible modes were calculated which resulted in
two longitudinal mode shapes (L1,L2) and 11 bending mode shapes (B1-B11) spanning a range
up to 5000 Hz.

In addition, the MSED was calculated for every mode shape and is illustrated in Figure 10b. To
establish a relation between changes to the system at certain locations and its effect on the
resonance frequencies of the model, the stiffness of one element was reduced by 80% and the
resonance frequencies of the altered model were calculated. Only one element was changed

at a time, and its location was moved consecutively from the end of the beam model (at 0.1%



WO 2020/008003 PCT/EP2019/068036

10

15

20

25

30

22

of total length) towards the middle of the model (at 50% of total length) in 11 steps (at 0.1%,
5%, 10%, 15%, 20%, 25%, 30%, 35%, 40%, 45% and 50% of total length).

The effect of this change in stiffness on the resonance frequencies is provided in Figure 10c. It
can be seen that resonance frequency changes are low despite a 80% local change in stiffness.
In spite of this, the results again confirm that when a stiffness change is applied in a region
close to a region with an elevated MSED for a particular mode, the change in resonance
frequency of that mode is larger. The closer the change is applied to the region around 50 %
of total length, the lower the frequencies that are affected. Also, the number of frequencies
that are sensitive to a stiffness change increases as the location of the defect moves from the
edge towards the middle of the beam system. Considering a threshold at 0.15% to flag a
frequency as sensitive to the local change (which corresponds approx. to half of the maximum
resonance frequency percentage change), an important increase of the number of sensitive
resonance frequencies is observed when the change is present around the 10 — 15 % of total
length region.

Referring to Figure 10a, these findings are translated to the femoral bone-implant system.
Figure 10a illustrates the geometry of a Sawbones composite model in combination with a
Wright size five implant. The crucial calcar zone in this example is at 6.7 % of total length and
thus outside of the more sensitive region as was found for the beam model. Based on the
simplified model, the region above the calcar zone is expected to be very little influenced by
stiffness changes in the system (e.g. due to contact changes), whereas the region below is
expected to be more sensitive. In this example, the total proximal zone comprises approx. 10
% of the total length of the bone and is measured from the first end 10 of the bone, that is,
the end of the bone which is closest to the implant. However, the present invention is not
limited thereto and a zone of interest other than the proximal zone may comprise a different
proportion of the total length of the bone and may be located, for example, closer to the
second end 11 of the bone. To increase the number of resonance frequencies sensitive to a
change in contact, the calcar zone should be located at between 15 % and 50 % of total length.
This implies that the full proximal zone is then located +- 5 % around this calcar zone. This
observation can inform the choice of length of the implant coupling portion 2. Taking into
account the length of 40 mm of the implant coupling portion, the additional length of the
subsystem can vary between approx. five and 265 mm, totaling to 42 (calcar zone at 15 %) and
303 mm (calcar zone at 50 %). It is important to notice that this is an estimate of the length

that can be added, as this discards any possible geometrical stiffening effects due to the shape
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of the enhancer as compared to a straight beam assumption as was used for this numerical
experiment.

The properties of the matching portion 3 are preferably chosen such that changes to the
vibrational behavior of the implant are observable on the enhancer. In some embodiments,
the dimensions of the enhancer element may be chosen so as to provide dynamic coupling of
the enhancer with the implant-bone system, which can allows efficient transfer of vibrational
behavior of the bone-implant system to the enhancer. For example, the properties of the
enhancer 1 may be chosen such that the first resonance frequency of the system formed by
the implant and the implant coupling portion 2 is substantially the same as that of the
matching portion 3, for example within 5%, within 10%, or within 20% of the first resonance
frequency of the system formed by the implant and the implant coupling portion.

This means that the implant - enhancer vibrational behavior is preferably well coupled and the
deformation of the system’s mode shapes is preferably global, rather than local. Local,
uncoupled behavior of the enhancer may lead to FRF feature results in which the spectrum is
dominated by the local deformation patterns of the enhancer and is decoupled from changes
in vibrational behavior of the implant it is intended to make observable. One way of achieving
well coupled behavior is to match the impedance of the enhancer closely to the impedance of
the system to which is it coupled. The dynamic impedance of mechanical structures is mainly
characterized by the structure’s resonance frequencies. Based on a free-free FE simulation of
the Profemur size five and size six implant with only the implant coupling portion (assumed to
be fabricated from stainless steel) attached, the first bending mode of this implant-coupling
portion structure is found at an average resonance frequency of 1898 Hz in the AP direction
and 1928 Hz in the ML direction.

In some embodiments, referring to Figure 11a, the matching portion 3 can be shaped as a
beam with rectangular cross section. A closed analytical formula is available providing the
resonance frequencies of a beam given its dimensions and boundary conditions. This allows
to precisely match these first resonance frequencies in both directions by modifying the
length, width and height of this beam structure. To determine three parameters given two
resonance frequencies conditions, one can be chosen freely. Setting the width to a value of 9
mm (which may in some embodiments be a limiting value as described hereinbefore), the
length of the beam is solved to be 158 mm. The beam’s resonance frequency of 1899 Hz thus
matches the first AP bending mode of the implant-coupling portion structure at 1898 Hz. With

a total enhancer length of 198 mm, the calcar zone would thus be located at 36 % from the
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top, which puts it comfortably in the sensitive target region as defined hereinbefore. Given
this length, the height is then set at 9.14 mm, which results in a resonance frequency of 1928
Hz matching the ML bending mode of the implant-coupling portion structure at 1928 Hz. This
approach leads to a shape of instrument which is very similar in size to the implant as it is in
weight. The weight of the beam is 104 g and 58 g when manufactured from stainless steel or
Ti6AL4V respectively.

A second test design adopted a delta shape for the matching portion 3 (Figure 11d). The length
of the matching portion 3 as well as the height is kept the same for this design, but the width
is changed. Rather than increasing the width of the beam over the whole length, a delta
approach allowed to test for the influence of an increased stiffness in one direction without
adding an excessive amount of weight. With a width of 30 mm at the wide end of the delta
shape, its first bending frequency in the AP direction is predicted to be at 4091 Hz. Some
additional modifications were made to the shape which lowered both the weight and the
stiffness of the matching portion 3 (e.g. a recess was made in the center of the subsystem),
resulting in a resonance frequency of 3616 Hz which is close to the second AP bending mode
resonance frequency of the implant-coupling portion structure at 3616 Hz. Total weight of the
delta matching portion is 171 g and 94 g when made from stainless steel or Ti6Al4V
respectively.

The first bending mode shapes are illustrated in Figure 11b (beam) and 11e (delta). The second
bending mode shapes are illustrated in Figure 11c (beam) and 11f (delta). Stainless steel
material properties were assumed (E = 210 GPa, p = 9 g/cc). The modal deformation shows
that the design goal to develop an implant-instrument combination that is well coupled and
shows global rather than local bending deformation patterns is well met by both designs. The
similarity inimpedance in the ML direction is substantiated by the closeness of their respective
resonance frequencies, contrary to the bending behavior in the AP direction where the
resonance frequencies, in particular for the second bending mode, are raised due to the
increased design stiffness in this direction. The length of the matching portion of the enhancer
was matched to couple to a size five and size six implant which resulted in the calcar zone
located at a distance of 36 % from the end of the combined system. It is of interest to consider
that for other bone lengths, this same length addition positions the calcar zone 38.9 % (bone
length of 375 mm) and 33.9 % (bone length of 482 mm). For a wide range of bone sizes, this

length addition thus ensures positioning the calcar zone in a sensitive MSED region.
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Thus in embodiments of the present invention, the length of a matching portion of an
enhancer element can be scaled to the length of the bone so as to position the location of a
contact zone of interest at a distance which is a desired percentage of the total length of the
bone-implant-enhancer system, as measured from the end of the bone-implant-enhancer
system which is opposite to the enhancer. The percentage length may be for example within
the range of 30% to 40% of the total length of the bone-implant-enhancer system, for example
approximately 35% of the total length.

In Silico Study

In order to assess the performance of the two instrument designs, FE models were built
comprising bone, implant and enhancer. The vibrational behavior of these bone-implant-
enhancer models was contrasted to the vibrational behavior of a reference bone-implant
model. The models are depicted in Figure 12. Figure 12a shows the reference bone-implant
model. Figure 12b shows the bone-implant-enhancer model for the beam form. Figure 12c
shows the bone-implant-enhancer model for the delta form.

The enhancer-beam and enhancer-delta model consisted of 30209 and 76370 quadratic
tetrahedral elements respectively. Two cases were simulated using these models. The first
case considers the implant to be in full contact with the bone, the second case assumes a loss
of contact in the proximal region, corresponding to zones 1-8.

The proximal contact area can have a large effect on primary stability of cementless implants
and the enhancer according to embodiments of the present invention demonstrates high
sensitivity to contact changes in this area. A modal analysis was performed on all models in
the 10-10000 Hz range. A set of direct FRFs was synthesized at the virtual measurement points
in the AP direction with a frequency resolution of one Hz. The FRFs of the two cases were
compared using the Pearson’s correlation metric. To understand the influence of including
higher frequency information on the metric, PC values were calculated for ranges spanning
100-750 Hz to 100-10000 Hz with one Hz increments. To evaluate the instrument’s design goal
toincrease the MSED in the proximal region in the lower frequency region, MSED distributions
on the implant were calculated and contrasted to the MSED results for the reference model.
Mechanical damping properties of the bone-implant construct can have an important effect
on the shape of the FRF and thus on how frequency changes in the underlying system are
reflected in this feature. To understand the influence modal damping has on the sensitivity of
the FRF feature to contact changes, several modal damping scenarios were assumed for both

cases. The scenarios with a modal damping of 0.5 %, 1.5 %; 5 % and 10 % considered damping



WO 2020/008003 PCT/EP2019/068036

10

15

20

25

26

to be the same for all modes in the 10-10000 Hz frequency range. Additionally, a scenario was
added with a 2.5 % in the 10-2000 Hz range and 4.5 % in the range above 2000 Hz). This
variation in modal damping with lower damping coefficients in the low frequency range and
higher modal damping in the higher frequency range corroborates better with the
experimental findings. Modal damping coefficients of 0.5 %-1.5 % are comparable to those
found for composite bones, whereas damping coefficients of 4.5 %-5 % are comparable to
those found in fresh frozen or cadaveric bones.

The results are presented in Figure 13 for the three models. Each column of Figure 13 shows,
in order from the top of the figure, a schematic perspective view of the model used, the
frequency response function for the proximally loosened and the fully fixed states, and the
Pearson correlation at various damping levels. The metric values are calculated and plotted
for varying ranges. E.g. the PC value plotted at 2000 Hz is the PC value calculated between the
two fixation cases in the 100-2000 Hz range. Similarly, the value plotted at 4000 Hz is the PC
value obtained for the 100-4000 Hz range etc. Rather than relying on a single PC value for a
certain range, this representation gives insight into the sensitivity of the metric to the range
selected. Lower values indicate higher sensitivity to contact changes in this area. In general,
the metric values obtained for the implant-enhancer combinations are importantly lower than
those of the reference model, except for the scenario with the lowest modal damping (0.5 %).
Including the higher frequency range into the metric for the reference model improves the
sensitivity of the metric, however this becomes less influential as damping is increased.
Although damping also affects the sensitivity of the implant-enhancer models, adequate
performance of the metric is still expected to be present even in highly damped conditions
and especially in the lower frequency region. The enhancer-delta design has better low
frequency performance and lower minimal values than the enhancer-beam design when the
range is extended to 2500 Hz, however the enhancer-beam design shows lower swings in

sensitivity across the full frequency range. These results are summarized in Table 2.
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Table 2: Summary of the numerical experiment results for the reference, beam, and delta models. The
average, maximal and minimal PC value is calculated on the 100-10000 Hz range. The average value is
caleulated for 100-1000 Hz range.
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It can be seen that augmenting the implant with an enhancer indeed puts more frequencies
in the lower frequency range and with resonance frequencies that are accompanied by mode
shapes with important modal strain in the proximal region. A selection of the mode shapes in
the 10-3000 Hz range with highest implant MSED are depicted for all three models in Figure
14. Darker shaded areas indicate regions with increased MSED distribution. Compared to the
implant MSED distributions for the reference model, implant-enhancer MSED distributions in
the proximal zone are found at lower frequencies (e.g. at 633 Hz for the enhancer -beam
design and at 632 Hz for the enhancer —delta design) and for more mode shapes. The presence
of more resonance frequencies (15 resonance frequencies in the 10-3000 Hz range for both

enhancer models versus eight for the reference model) sensitive to changes in the proximal
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contact region observable in the FRF offers an explanation for the decrease of metric values
observed.

Comparing the two enhancer designs, the following similarities and differences are noted. The
length and bending stiffness in the ML direction of both designs are very similar. The total
mass of the delta design is higher than the beam design as is the bending stiffness of the delta
design in the AP direction.

The FRFs for the two enhancer designs show many similarities, however some differences are
observed. Firstly, the overall FRF amplitude of the enhancer —delta design is generally lower
than that of the enhancer-beam design. Without wishing to be bound by theory, this could be
due to the increased mass of the delta design, decreasing overall deformation amplitude for a
certain input force. Secondly, two frequency ranges show different FRF behavior; the region
around the 1557 Hz and 1954 Hz resonance frequencies of the enhancer -beam design and the
region around the 2593 Hz and 2679 Hz resonance frequencies of the enhancer -delta design.
These regions can be seen in Figures 15a and 15c marked by dashed lines. Figure 15b shows
the FRF for the beam model and Figure 15c shows the FRF for the delta model. The highest
FRF amplitude is also observed in these regions. Without wishing to be bound by theory, the
sensitivity of the resonance frequencies to changes in contact in this region could be explained
by the implant strain experienced as a result of the overall deformation of the bone-implant-
enhancer model. This increase in local strain energy at the implant site may be a result of the
altered strain distribution due to the added length of the augmented system. The high Modal
Assurance Criterion values indicate that the mode shapes of the two bone-implant- enhancer
systems show high resemblance, except in the two highlighted regions. lIsolating the
deformation the implant- enhancer experiences at these frequencies, it is noticed that the
pattern shows large correspondence to the second bending AP mode of the free-free implant-
enhancer system discussed hereinbefore. This is confirmed by a MAC value of 0.69 (at 1557
Hz) and to a lesser extent by the MAC value of 0.31 (at 1954 Hz) between the isolated bone-
implant mode shapes found in the bone and their free-free second AP bending counterpart
for the beam design. The MAC values calculated for the bone-implant-instrument systems are
presented in a visual matrix format in Figure 15a. Figures 15d and 15e illustrate bending modes
of the beam and delta configurations respectively, at the specified frequencies.

Likewise a MAC value of 0.60 (at 2593 Hz) and 0.66 (at 2679 Hz) is found for the implant-
enhancer deformation in the bone and the second AP bending mode of the free-free implant-

enhancer delta model. Furthermore the frequencies at which these patterns exhibit
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themselves in the bone-implant- enhancer model are in the vicinity or somewhat above the
resonance frequency of the free-free implant- enhancer system. This holds for the region
around 1500 Hz for the instrument-beam design and around 2500 Hz for the stiffer enhancer-
delta design. As the implant- enhancer is thus deformed in a pattern and frequency close to
the natural frequency of the free-free implant- enhancer, modal participation could be
increased.

Referring to Figure 16, in the ML direction, a similar observation can be made. High modal
participation of mode shapes to the FRFs (Figure 16a, beam; Figure 16b, delta) is observed in
the region where the implant-instrument deformation in the bone resembles the free-free
implant- enhancer deformation at comparable frequencies. Given similar impedances in the
ML direction however, this increase in amplitude manifests itself in a similar frequency region.
In Vitro Study

An implantation process was performed in a composite femur model where after every
insertion step three vibrational measurements of the system were taken; one on the bone-
implant system without an enhancer, one with the instrument-beam design attached to the
implant and one with the enhancer-delta design attached to the implant. This allowed to
compare and contrast the evolution of the FRF feature for the different systems.

The two enhancer designs were manufactured using wire EDM (GF cut 300ms, AgieCharmilles,
Geneva, Switzerland) and CNC milling (Kern Evo, Kern Microtechnik GmbH, Eschenlohe,
Germany) from stainless steel alloy (SS 316). The resulting enhancers are depicted in Figure
17a (beam) and 17b (delta).

A composite femur model (Sawbones model 3403 (size medium), Sawbones Europe AB,
Malmg, Sweden) was prepared by an experienced surgeon for implantation of an uncemented
Profemur L size five implant using manufacturer provided standard instruments. After
preparation, the implant was hammered in by the surgeon. After every insertion step, the
depth of the implant was measured using a caliper. Three FRFs were collected after every
insertion step; one on the bone-implant system (proximal edge of the Wright implant), one on
the system with the enhancer-beam design mounted and one on the system with the
enhancer-delta design mounted. The measurement points on the enhancers corresponded to
the measurement points used in the in silico experiment. All FRFs were acquired in the AP
direction. The excitation was performed by impact using a modal hammer (PCB 086C03) and
the acceleration response was measured using a lightweight accelerometer (PCB A352A24).

Data acquisition and conditioning was performed using a spectral analyzer (LMS SCADAS



WO 2020/008003 PCT/EP2019/068036

10

15

20

25

30

30

Mobile) and corresponding software (LMS Test Lab). The sampling frequency was set to 20.48
kHz, the frequency resolution was 0.625 Hz. Data processing was performed in Matlab. Free—
free conditions were simulated. Figure 18 shows the bone-implant systems without and with
the instruments mounted.
In addition to comparing the change in the FRFs using the PC an additional metric is
introduced, the Frequency Response Assurance Criterion (FRAC). Corollary to the MAC used
for mode shape comparison, the FRAC operates on the complex FRF vector rather than on the
FRF magnitude as is the case for the PC.

;2
| Hyg ()i Hpd™ ()]
> Hyq (f}g‘af—lg;{’qw (Flner 22 Hpg (F)nHpg™ (f)n

Where Hp, (flv-1 is the FRF when the system is excited at location p and a response

FRAC =

measurement is performed at location q for insertion step N-1. Hpq (f)w is the FRF measured
and excited at the same locations for insertion step N.

Figure 19a shows the evolution of the insertion depth or subsidence and, as an example, Figure
19b shows the FRFs for all steps of the enhancer-delta configuration. To compare the FRF
evolution between the different configurations, Figures 20-22 illustrates the FRFs of steps six
to eight of the insertion process for the reference (Figure 20), enhancer-beam (Figure 21) and
enhancer-delta (Figure 22) experiments in a range of 100-4500 Hz and in zoomed on the LF
behavior in the range 100-750 Hz. The PC and FRAC metrics obtained by comparing the FRFs
of subsequent steps are presented for all three configurations, the first graph when the metric
was calculated in a range 100-4500 Hz and zoomed in for the second graph with the metric
calculated in the 10-750 Hz range, thus allowing to assess the influence and sensitivity of the
high frequency versus the low frequency vibrational behavior to the insertion process. It can
be seen from the frequency response functions that the mode density in the measured
frequency range is increased for both systems which include the enhancer element according
to embodiments of the present invention.

Metric values for all three configurations were generally low when the extended frequency
range was considered (100-4500 Hz). The bone-implant reference configuration showed a high
sensitivity to the changes in the insertion process. The metric values obtained by quantifying
the change in the first six insertion steps (metric values one to five) are even below the metric
values obtained for these same steps when compared to the enhancer-beam (an average of

0.08 lower for the FRAC metric and 0.19 lower for the PC metric ) or the enhancer-delta (an
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average of 0.08 lower for the FRAC metric and 0.19 lower for the PC metric). This changes
however for the last three insertion steps (seven to nine). The difference reduces to 0.05 (FRAC
metric) and 0.04 (PC metric) comparing step six to seven for the enhancer-beam and changes
signs for steps seven to eight where the FRAC and PC metric are respectively lower by 0.14
and 0.11 than the reference configuration. A similar observation can be made when comparing
the metric values for insertion steps seven to nine of the enhancer-delta configuration to the
reference configuration. Quantifying the change from step six to seven, the FRAC metricis 0.01
above the reference configuration whereas the PC metric is 0.10 lower than the values
obtained for the reference configuration. For step seven to eight, the FRAC and PC metric
values are 0.07 and 0.12 below the values of the reference configuration.

The enhancer augmented systems thus show a higher sensitivity towards the end of the
insertion process when proximal contact is established, and a lower sensitivity in the first
stages of insertion. The reasons for this are likely twofold. Firstly, the system is highly
undamped. It was shown in the numerical study that when little damping was simulated (0.5
%), the reference configuration showed a sensitivity comparable to that of the enhancer-beam
and enhancer-delta configuration. Any increase in damping however was shown to have a
disproportionate effect on this performance. Secondly, implant subsidence is important in the
first few steps of the insertion process. This translates into a change in overall geometry of the
bone-implant system, as the length of this combined system is changing (shortening). The
percentage sensitivity of resonance frequencies associated with transversal bending modes of
a simple beam model is approximately -2, which means that a one % change in length will
cause a -2 % change in (all) resonance frequencies. Considering that the bone-implant-
enhancer configuration is approximately 50 % longer than the bone-implant configuration,
resonance frequency changes solely due to this geometrical change can be estimated to be
roughly 50 % higher for the bone-implant configuration.

Whereas the implant-enhancer configurations only showed a higher sensitivity to the final
changes in the insertion process compared to the reference configuration when an extended
frequency range was considered for the undamped composite bone model, the performances
were very different in the low frequency range (100-750 Hz). The first five instrument-beam
FRAC and PC metrics are on average respectively lower by an amount of 0.23 and 0.27
compared to the reference configuration. These differences are even more important for the
metric values at six and seven, with FRAC values lower by an amount of 0.67 and 0.37 and the

PC values lower by an amount of 0.50 and 0.15. Similarly, the first five enhancer-delta metric
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values were lower by an average of 0.16 (FRAC) and 0.30 (PC) compared to the reference
configuration. Metric values at steps six and seven were lower by 0.70 and 0.41 (FRAC) and by
0.65 and 0.20 (PC) compared to the reference configuration. The high metric values obtained
for the reference configuration make discerning between the last few steps difficult. In
contrast, the low values obtained for the enhancer-augmented configurations allow to easily
discriminate between the penultimate and the ultimate step. The performance of the
instrument-augmented configurations is very similar for the different frequency ranges used.
The third mode shifting clearly in the low frequency region reflects the modified strain
distribution the addition of the enhancer causes to the bone-implant system.

The choice of metric influences the information extracted by the method. Ideally, the
differences reflected in the metric are as high as possible as long as the implant has not
reached its final position and close to zero when the final position is reached. The FRAC metric
values obtained were generally lower than the PC metric values in the steps leading up to the
insertion endpoint by an average of 0.13 (SD 0.16) across all configurations and were
comparable at insertion endpoint with an average difference of 0.004 (SD 0.001). Values for
both were above 0.99 at the insertion endpoint.

Exploiting the richer information content available by processing the complex vectors as
compared to only comparing one dimension of those same FRFs thus seems to be
advantageous at most steps, without changing the insertion endpoint threshold value.

It is noted that the numerical study indicated a very sensitive region around 2500 Hz for the
enhancer-delta design with an important shift of the resonance frequency when proximal
contact was established. This same behavior is visible in the experimental measurements
when the FRFs for the enhancer-delta design for steps six, seven and eight are investigated in
the 2000 — 2500 Hz range. This validates the assumption that proximal contact is established
in the final steps of the insertion process and confirms the relevance of the numerical cases
simulated. In the extension of this, the sensitivity of the metric was shown to increase
importantly when this region was included in the numerical study. When the enhancer-delta
design metrics are indeed calculated for the range 100-2500 Hz, the metric values indeed are
considerably lower, indicating an increased sensitivity to changes during the insertion
process). This can be seen in Figure 23 which shows the PC and FRAC metrics as a function of
insertion step transition when a range up to 2500 Hz was selected.

The increased sensitivity towards the end of the insertion allows to better differentiate

between the penultimate and end step and thus for a better estimation of the insertion
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endpoint. The vibrational behavior in the low frequency region proved sensitive to proximal
changes, which is especially of interest when damping in the system would increase. The
observed behavior of the FRF and the similarity to the simulated cases furthermore confirms
that proximal contact is indeed made in the last steps of the insertion process. Comparing the
two enhancer designs, although both designs show adequate performance compared to the
reference configuration, it was found that the enhancer-delta design was marginally more
sensitive in the low frequency region.

Referring to Figure 24, a second enhancer element 1’ according to embodiments of the present
invention is shown. The second enhancer element 1’ is an acoustic enhancer element. The
second enhancer element 1’ comprises a second implant coupling portion 2’ and a second
matching portion 3’. The second implant coupling portion 2’ includes a second end portion 4’
which is mechanically couplable to an orthopaedic implant 5. The second enhancer element
1’ is configured to couple mechanically to an orthopaedic implant 5 at the second end portion
4’ of the second enhancer element 1'. The mechanical coupling may be assisted by, for
example, a screw or bolt attachment comprising a screw 20. The second enhancer element 1’
is suitable for use in intraoperative assessment of implant stability in substantially the same
manner as the first enhancer element 1, that is, by coupling to the implant 5 and being excited
by an impact which does not substantially affect the stability of the implant within the bone.
The second enhancer element 1’ can form an enhancer-bone-implant system in substantially
the same manner as the first enhancer element 1.

The second enhancer element 1’ is designed to increase the acoustic radiation and increase
the vibro-acoustic sensitivity of the (enhancer-)bone-implant system to bone-implant contact.
By using the second enhancer element 1’, which is couplable to the bone-implant system, the
dynamic behavior of the bone-implant-enhancer system can be altered in order to increase
the sensitivity to varying bone-implant contact area. The dimensions of the second enhancer
element may be determined based on one or more criteria. For example, in some
embodiments, the dimensions may be determined so as to increase the number of vibrational
modes that are sensitive to a change in implant-bone contact area. By including the acoustic
enhancer, the lower frequency modes (50-3000Hz) of the enhancer-implant-bone system
show an increased modal strain energy density at the bone-implant interface which makes
them more sensitive to changes in the contact area between implant and bone. Without the

enhancer element, these similar modes for the bone-implant system are located at higher
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frequencies, which are more prone to damping and so more difficult to measure, and are less
sensitive to changes at the bone-implant interface.

In some embodiments, the dimensions of the second enhancer element may be chosen so as
to provide dynamic coupling of the enhancer with the implant-bone system, which can allow
efficient transfer of vibrational behavior of the bone-implant system to the enhancer. For
example, in some embodiments, the acoustic impedance of the enhancer element may be
chosen as substantially similar to that of the implant. For example, the mass and the first
resonance frequency of the enhancer may be chosen as substantially similar to those of the
implant, for example within 1%, within 5%, or within 10% of the mass of the implant, and
within 5%, within 10%, or within 20% of the resonance frequency of the implant. Hence, the
mass of the enhancer may be within a range from 90% to 110% of the mass of the implant. For
example, the mass of the enhancer may be the same as the mass of the implant. The enhancer
element may be formed of a relatively less dense material, such as titanium rather than for
example stainless steel, which can allow to provide a higher amplitude response and a
correspondingly better acoustic radiation performance of the enhancer element. Thus,
although the enhancer in embodiments of the present invention is not specifically adapted to
support direct insertion hammer blows (which could actually damage the enhancer), its light
structure is designed to augment the vibro-acoustic response of the enhancer-implant-bone
system. The ratio Young’s modulus/density, which is an important influencer of the vibrational
behavior, is similar for both titanium and stainless steel, and so a lighter enhancer can be
formed from titanium with similar vibrational behavior to stainless steel. Such a low damped
metal alloy part can allow that the overall damping of the bone-implant-enhancer system is
reduced. This can lead to an increased resolution of the measured frequencies of the
enhancer-bone-implant system. Moreover, the enhancer is user-friendly, because a lighter
instrument is easier to manipulate.

As described hereinbefore, a contact region may be defined by a region of contact between
the implant outer surface and the bone cavity inner surface. In dependence on the type of
implant and its properties, particular contact regions may be more sensitive to changes in
implant fixation than other contact regions. An enhancer element according to embodiments
of the present invention may be configured such that at least one vibrational mode of the
enhancer-implant-bone system has an anti-node within a contact region of interest, so as to
provide a relatively greater excitation in the contact region in comparison with an enhancer

element not having a vibrational mode with an anti-node within the contact region.
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The length of the enhancer element can be scaled to the length of the bone so as to position
the location of a contact zone of interest at a distance which is a desired percentage of the
total length of the bone-implant-enhancer system, as measured from the end of the bone-
implant-enhancer system which is opposite to the enhancer. The percentage length may be
for example within the range of 30% to 40% of the total length of the bone-implant-enhancer
system, for example approximately 35%.

The dimensions of the second enhancer element are preferably chosen so as not to interfere
with the working space of the orthopaedic surgeon and to provide an accessible location for
application of the excitation impulse.

Examples

Referring to Figure 25a, a perspective view of an enhancer element 30 according to
embodiments of the present invention is shown. Referring to Figure 25b, a cross-sectional
view of the enhancer element 30is shown in a plane indicated by L1-L1 in Figure 25a. Referring
to Figure 25c, a cross-sectional view of the enhancer element 30 is shown in a plane indicated
by L2-L2 in Figure 25a, being perpendicular to the plane of Figure 25b. Dimensions of the
enhancer element are shown in mm, these being understood to be examples only and the
present invention not being limited thereto. The detail of section B in Figure 25b is shown in
Figure 25d. The detail of section Cin Figure 25c is shown in Figure 25e. The detail of section
The detail of section E in Figure 25b is shown in Figure 25f. A cross-section along the lines D-D
of Figure 25d is shown in Figure 25g.

An in vitro study was done to assess the performance of the acoustic enhancer 30. A femoral
stem (size 5, Gladiator, Microport) was inserted in a prepared artificial femur model
(Sawbones, Malmo, Sweden). Two insertion experiments were performed with the use of the
acoustic enhancer. Frequency response functions (FRF) and ‘acoustic output only’
measurements were done at every insertion step. During the FRF measurements the
excitation force (input) is measured in order to normalize the response (output) using an
instrumented hammer which included sensors for measuring the force of the hammer. During
the ‘acoustic output only’ no reference measurement of the input force was done and used to
normalize the measured output signals, only the acoustic response was measured during the
hammer excitation, using a small hammer. The output only method has the advantage that
there is no need for an instrumented hammer, which makes an in vivo implementation more

feasible. The acoustic output in each case was measured using a microphone.
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Experiment 1. To compare the vibrational behavior of the bone-implant system with and
without the acoustic enhancer, FRFs were measured at the end of insertion with and without
the acoustic enhancer. Figure 26 and 27 show the amplitude FRFs measured from the artificial
bone-implant system (dashed line) and the bone-implant-enhancer system (solid line) in the
range from 0 Hz to 4500 Hz. The implant was fully seated in the bone during the
measurements, and measurements were taken in two perpendicular directions: medio-lateral
(ML) Figure 26) and anterio-posterior (AP) (Figure 27).1t can be seen from Figures 26 and 27
that the use of the enhancer increases the modal density in the frequency range from 0 to
4.5kHz: 20 modes with enhancer, 17 modes without enhancer. It can also be seen that there
are more frequency modes in the lower frequency range (< 2000 Hz) and their amplitudes are
higher, which can increase the measurability by providing a higher signal-to-noise ratio. The
mode amplitudes are higher for most of the modes in the plotted frequency range with the
enhancer as compared to without the enhancer, which is particularly visible in the lower
frequency range (< 2000 Hz) in the ML direction and in the higher frequency range (3500Hz-
4500Hz) in the AP direction. These higher amplitudes contribute to an increased acoustic
measurability of the vibrational behavior of the bone-implant-enhancer system. This is
especially the case in a system that is more damped than this example with artificial bone, as
is the case in a real bone with soft tissue.

The shift of sensitive modes to a lower frequency can also be illustrated by a computer
simulation. Figure 28 shows results of this in silico simulation. A bone model with (Figure 28a)
and without enhancer (Figure 28b) are shown. For both cases, a system without deformation
is shown on the left, and then the deformation at one mode, of the same system, is shown on
the right. Figure 28 shows the deformation of the bone in an exaggerated way. It can be seen
that at the location where the implant is located in the bone, there is an increased
deformation, which makes this mode sensitive to a change in bone-implant contact. As can be
seen in Figure 28, the frequency of this sensitive mode is lower when the enhancer is used,
than without the use of this enhancer.

This frequency shift can also be noted in Figure 26, in which the 3™ ML mode is indicated for
the bone-implant model and the corresponding 3" ML mode for the bone-implant-enhancer
model is shown. The 3" ML mode for the bone-implant enhancer model is shifted to a lower
frequency and has a higher amplitude than the corresponding mode for the bone-implant
model. Other modes in the bone-implant-enhancer FRF are clearly shifted to lower

frequencies than their corresponding modes in the bone-implant FRF.
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Figure 29 illustrates the change in vibrational behavior of the bone-implant-enhancer system
during the implant insertion experiment as measured in the AP direction. The acoustic FRFs
measured at steps 2, 4, 6, 8, and 10 are shown . Multiple sensitive modes (#1500 Hz and
+2000Hz in the AP direction) are well reflected in the acoustic response of the bone-implant-
enhancer system. The shift of these frequencies during the insertion process can be seen
clearly in this figure.

The Frequency Assurance Criterion (FRAC) was calculated as a modification metric. This index
can be used to assess the change in the vibrational behavior of the system and detect the
endpoint of insertion as described hereinbefore. Figure 30 shows that the FRAC metric evolves
to a value above 0.9 when the implant was fully seated, indicating the endpoint of insertion.
Experiment 2. Figure 31 shows acoustic frequency response functions measured during a
second implant insertion experiment. During this experiment an acoustic output only
measurement was used to calculate the frequency spectrum. Figure 32 shows the Pearson
Correlation Coefficient metric (PC) calculated between every succeeding step of this implant
insertion experiment.

Similar to the first experiment (using FRFs), the correlation metric evolves to a value above 0.9
indicating that the vibration behavior of the system stops changing once the endpoint of
insertion is reached. During this experiment the instant of proximal contact is also visible in
the evolution of the PC. Between transition step 10 and 12 the PC metric decreases, indicating
an increased change of the vibrational behavior of the system caused by the increased
proximal contact and press-fit during these steps.

The second enhancer element 1’ can have one or more advantages. For example, an enhancer
element can be provided which does not support any electronics or electrical elements, which
can allow for easier sterilization and more cycles of sterilization during the lifetime of the
element.

The acoustic measurements can have an integrative value: the acoustic signal contains the
information from what is happening in the enhancer-implant-bone system as well as the
surroundings, as opposed to the mechanical enhancer element wherein some information can
be lost in the case that a measurement position of a detector is a position of zero or little
mechanical displacement, such as a node.

Measurement of the acoustic signal can occur without needing to disturb the surgeon during
the procedure, for example using a microphone (no measurement device is required to be

attached/removed from the enhancer element).
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Mechanical vibrations can be strongly dependent on soft tissue surroundings of the bone-
implant system: these tend to weaken the signal, and the higher the frequency, the more it is
prone to this damping effect. An enhancer element according to embodiments of the present
invention can be used to shift the relevant frequencies to a better acoustically observable
range (e.g. 1000-2500Hz).

Referring to Figure 33, a system 100 according to embodiments of the present invention is
shown. The system 100 comprises an enhancer element 1, 1’ according to embodiments of
the present invention which is mechanically couplable to an implant 5, and a detector 101
configured to receive a vibrational signal from the enhancer element 1, 1. The vibrational
signal may be a mechanical vibration and/or an acoustic vibration. The detector may comprise,
for example, a laser vibrometer, a microphone, an accelerometer, a velocity sensor. The
detector 101 may be in physical contact or remote from the enhancer element 1, 1'. The
detector 101 may be configured to provide signals to a processing module 102. The processing
module 102 may be configured to receive signals from the detector 101 and to process such
signals. For example, the processing module 102 may comprise a signal analyser. The
processing module 102 may be configured to receive the raw input/output time data from
the detector 101 and to calculate the frequency response function or output frequency
spectrum out of which a modification index value as described hereinbefore can be
calculated..

Referring to Figure 34, a flow chart of a method according to embodiments of the present
invention is shown. The method is a method of determining an insertion end point, detecting
a fracture risk, or determining a stopping point of insertion of an implant, by use of an
enhancer element according to embodiments of the present invention. The method
comprising receiving a frequency signal from a detector (step S1). A modification index is
calculated based on the received frequency signal as described hereinbefore (step S2). The
modification index (Ml) is compared with a threshold value (step S3). The threshold value may
be, for example, 0.1 or 0.01 but may be chosen to be any appropriate value, for example a
value which indicates a sufficient degree of fixation of the implant. If the Ml is less than the
threshold value, a feedback signal, such as an audio signal or a visual indication on a screen, is
provided to indicate that insertion may be halted (step S4).

If the Ml is greater than the threshold value, an outlier detection step is carried out (step S5).
If an outlier is not detected, a feedback signal, such as an audio signal or visual indication on a

screen, is provided to indicate that insertion may continue (step S6). If an outlier is detected,
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for example as a discontinuity in the evolution of the Ml as a function of insertion step, a
feedback signal is provided to indicate that an adverse event such as a fracture has occurred
or is imminent.

The method may be implemented using a computer program.

Referring to Figures 35 and 36, in some embodiments, the enhancer element 1, 1’ can be
coupled to the implant 5 using a connecting screw which is inserted into the implant. By
unscrewing this screw, the screw moves away from the implant 5. A disengagement plate 40
may be provided in the enhancer, being a plate provided in a plane perpendicular to the axis
of the screw, for example in a slot in the enhancer configured to prevent the plate from moving
in the direction of the screw axis. Without the disengagement plate, the screw would move
away from the implant along the screw axis, but the enhancer may remain in the implant as
the end portion 4 of the implant coupling portion 2 may be tapered. This plate has a hole
having dimensions so as to enable passing of the shaft of a screw driver 41, but the hole is too
small to enable the head of the screw to pass, thus preventing further movement of the screw
away from the implant. When the screw head makes contact with the plate, and is
turned further, then the screw and the enhancer together will move away from the implant
along the screw axis, hence the screw pushes out the enhancer from the implant.

The skilled person will appreciate that many modifications are possible within the scope of the
present invention.

For example, the bone-implant system may be a cementless or a cemented bone-implant
system.

Referring to Figure 37, in some embodiments, the dimensions of a second enhancer element
50 may be chosen so as to provide a relatively large radiating surface 51, which can allow to
increase the acoustic response during vibration.

The implant need not be a hip implant and may be for example an acetabular cup implant, a

humeral implant, a glenoid implant, a tibial implant.
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Claims

40

An enhancer element for use in intraoperative assessment of coupling of an
orthopaedic implant to a bone, wherein the implant and the bone form an implant-
bone system having a first set of vibrational modes with a first mode density in a
frequency range, wherein the enhancer element is mechanically couplable to the
orthopaedic implant to form an enhancer-implant-bone system having a second set of
vibrational modes with a second mode density in the frequency range, wherein the
second mode density is greater than the first mode density, the enhancer element
being mechanically couplable to a first end of the orthopaedic implant, so that the first
end of the orthopaedic implant is adapted to receive impaction blows for introducing
the implant to the bone, wherein the vibrational response of the enhancer-implant-
bone system during measurement of a vibrational mode provides information about

the stiffness of the enhancer-implant-bone system.

An enhancer element according to claim 1, wherein the first set of vibrational modes
comprises a first vibrational mode, wherein the second set of vibrational modes
comprises a second vibrational mode corresponding to the first vibrational mode, and
wherein the second vibrational mode has a lower frequency than the first vibrational

mode.

An enhancer element according to any preceding claim, wherein the implant has an
implant mass, wherein the enhancer element has an enhancer element mass similar

to the implant mass within 10% of the implant mass.

An enhancer element according to the previous claim wherein the enhancer element

mass is substantially equal to the implant mass.

An enhancer element according to any preceding claim, wherein the implant has an
implant first resonance frequency, wherein enhancer element has an enhancer
element first resonance frequency which is substantially equal to the implant first

resonance frequency.
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10.

11.

12.

13.

41

An enhancer element according to any preceding claim comprising an excitation
element configured to provide a vibrational excitation to the enhancer-implant-bone

system.

An enhancer element according to any preceding claim comprising an excitation
element configured to provide a vibro-acoustic excitation to the enhancer-implant-

bone system.

An enhancer element according to any preceding claim, wherein the frequency range

includes frequencies from 10 Hz to 2,5 kHz.

An enhancer element according to any preceding claim, wherein the frequency range

includes frequencies from 10 Hz to 5 kHz.

An enhancer element according to any preceding claim, further comprising at least
one sensor element disposed on the enhancer element configured to detect a

vibrational response of the enhancer-implant-bone system.

An enhancer element according to any preceding claim, wherein the implant has an
implant mechanical impedance, and wherein the enhancer has an enhancer
mechanical impedance which is substantially the same as the implant mechanical

impedance.

An enhancer element according to any preceding claim, wherein the implant has an
outer surface and the bone has a cavity for receiving the implant, the cavity having an
inner surface, wherein a contact region is defined by a region of contact between the
implant outer surface and the cavity inner surface, and wherein the second set of
vibrational modes includes at least one vibrational mode having an anti-node within

the contact region..

An enhancer element according to any preceding claim, wherein the implant is a

cementless implant.



WO 2020/008003 PCT/EP2019/068036

10

15

20

25

14.

15.

16.

17.

18.

19.

20.

42

An enhancer element according to any of claims 1 to 12, wherein the implant is a

cemented implant.

A system for intraoperative assessment of insertion of an orthopaedic implant
comprising:

an enhancer element according to any preceding claim; and
at least one detector configured to receive a vibrational signal from the enhancer

element.

A system for intraoperative assessment of insertion of an orthopaedic implant
comprising:

an enhancer element according to any of «claims 1 to 14; and
at least one detector configured to receive an acoustic signhal from the enhancer

element.

A system according to claim 15 or 16, wherein the at least one detector comprises at

least one microphone.

Use of an enhancer element according to any of claims 1 to 14 or a system according

to any of claims 15 to 17 for detection of an endpoint of insertion of the implant.

Use of an enhancer according to any of claims 1 to 14 or a system according to any of

claims 15 to 17 for detection of intra-operative periprosthetic fracture.

Use of an enhancer according to any of claims 1 to 14 or a system according to any of

claims 15 to 17 for determining a stopping point of an implant insertion procedure.
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Box No. lll Observations where unity of invention is lacking (Continuation of item 3 of first sheet)

This International Searching Authority found multiple inventions in this international application, as follows:

-

As all required additional search fees were timely paid by the applicant, this international search report covers all searchable
claims.

2. I:' As all searchable claims could be searched without effort justifying an additional fees, this Authority did not invite payment of
additional fees.

3. As only some of the required additional search fees were timely paid by the applicant, this international search report covers
only those claims for which fees were paid, specifically claims Nos.:

4. |:| No required additional search fees were timely paid by the applicant. Consequently, this international search report is
restricted to the invention first mentioned in the claims; it is covered by claims Nos.:

Remark on Protest The additional search fees were accompanied by the applicant's protest and, where applicable, the
payment of a protest fee.

The additional search fees were accompanied by the applicant's protest but the applicable protest
fee was not paid within the time limit specified in the invitation.

I:' No protest accompanied the payment of additional search fees.
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