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¢} (57) Abstract: A system (800) for processing accelerometer data is disclosed. The system (800) includes an accelerometer (806),

/10

a first processor (810), a power supply (816), and a second processor (804). The accelerometer (806) measures a physiological
acceleration parameter. The first processor (810) is operatively connected to the accelerometer (806). The first processor (810) is

@® configured to receive the acceleration parameter from the accelerometer (806) and configured to output machine readable accelera-
& tion data. The machine readable acceleration data includes time domain accelerometer data. The power supply (816) is electrically
connected to the first processor (810). The second processor (804) is configured to receive the machine readable acceleration data
and transform the time domain accelerometer data into frequency domain accelerometer data. The frequency domain accelerometer

data may be used to estimate patient healing status.
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PROCESSING SENSED ACCELEROMETER DATA
FOR DETERMINATION OF BONE HEALING

Cross-Reference to Related Applications

[0001] N/A
Statement Regarding Federally Sponsored Research or Development.

[0002] Not Applicable.
Appendix.

[0003] Not Applicable.

Background of the Invention

L Field of the Invention

[0004] This invention relates generally to orthopaedic implants and, more particularly,
orthopaedic implants having data acquisition capabilities.
2 Related Art

[0005] The trauma fixation implants currently available on the market are passive
devices because their primary function is to support the patient’s weight with an appropriate
amount of stability whilst the surrounding fractured bone heals. Current methods of
assessing the healing process, e.g. radiography, patient testimonial, etc., do not provide
physicians with sufficient information to adequately assess the progress of healing,
particularly in the early stages of healing. X-ray images can only show callus geometry and
cannot be used to assess the mechanical properties of the consolidating bone. Therefore, it is
difficult to quantify the load sharing between implant and bone during fracture healing from
standard radiographs, CT, or MRI scans. Unfortunately, there is no in vivo data available
quantifying the skeletal loads encountered during fracture healing as well as during different

patient and physiotherapy activities.
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[0006] There remains a need in the art for a system and method of assessing the
healing process. It would be of significant benefit if the system and/or method could
quantify the load sharing between an implant and a bone during fracture healing.
Furthermore, it would be of significant benefit if the system could provide in vivo data to
quantify the skeletal loads encountered during fracture healing. A clinician could use the
assessment information provided by the system to counsel the patient on life-style changes
or to prescribe therapeutic treatments if available. Continuous and accurate information
from the implant during rehabilitation would help to optimize postoperative protocols for
proper fracture healing and implant protection and add significant value in trauma therapy
and reconstructive orthopedics. Furthermore, improvements in security and geometry (and
speed) of fracture healing leads to significant economic and social benefits. Therefore, an
opportunity exists to augment the primary function of orthopedic trauma and reconstructive
implants to enhance the information available to clinicians.

Summary of the Invention

[0007] In one aspect of the invention, there is provided a system for processing
accelerometer data. The system includes an accelerometer, a first processor, a power supply,
and a second processor. The accelerometer measures a physiological acceleration parameter.
The first processor is operatively connected to the accelerometer. The first processor is
configured to receive the acceleration parameter from the accelerometer and configured to
output machine readable acceleration data. The machine readable acceleration data includes
time domain accelerometer data. The power supply is electrically connected to the first
processor. The second processor is configured to receive the machine readable acceleration
data and transform the time domain accelerometer data into frequency domain accelerometer

data.
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[0008] In one embodiment, the accelerometer and the first processor are located within
a medical implant. In yet another embodiment, the accelerometer and the first processor are
located within a wearable device.

[0009] In one embodiment, an antenna is operatively connected to the first processor
and the antenna is configured to transmit the acceleration data.

[0010] In another embodiment, the first processor and the second processor comprise
one unit.

[0011] In yet another embodiment, the accelerometer and the first processor comprise
one unit.

[0012] In another embodiment, the antenna and the power supply comprise one unit.

[0013] In one embodiment, the system further includes a reader for retrieving
accelerometer data.

[0014] In yet another embodiment, at least one of the first processor and the second
processor is part of a computer assisted surgery system.

[0015] In another embodiment, the antenna used to transmit the accelerometer data is
also the inductive coupling element used to power the first processor and the accelerometer.

[0016] In still another embodiment, the power supply includes at least one of a
capacitor, an inductive coupling, a battery, a mechanically driven power generation unit, a
piezoelectric device, and an energy scavenging device.

[0017] In another embodiment, the first processor and accelerometer are powered by at
least one of a capacitor, an inductive coupling, a battery, a mechanically driven power
generation unit, a piezoelectric device, and an energy scavenging device.

[0018] In yet another embodiment, at least one of the machine readable acceleration
data, the time domain acceleration data, and the frequency domain acceleration data is

communicated under power from at least one of a capacitor, an inductive coupling, a battery, a



WO 2008/103181 PCT/US2007/062757

10

15

20

25

mechanically driven power generation unit, a piezoelectric device, and an energy scavenging
device.

[0019] In one particular embodiment, the second processor is part of a remote
processing system. In some embodiments, the remote processing system has a display or
sound generating unit.

[0020] In yet another aspect of the invention, there is provided a method of
determining the healing progression status of a subject. The method includes the steps of: (a)
collecting accelerometer data through use of an accelerometer operatively connected to the
subject; (b) retrieving the collected accelerometer data, the accelerometer data having a time
domain component; (c) transforming the time domain accelerometer data into frequency
domain accelerometer data; and (d) analyzing the frequency domain accelerometer data for
healing progression of the subject.

[0021] In one embodiment, the method further comprises wirelessly conveying
accelerometer data to a remote processing system.

[0022] In another embodiment, the method further comprises communicating the
analysis of the data to a user.

[0023] In yet another embodiment, the accelerometer data is taken while the subject is
undergoing a predefined task. In some embodiments, the predefined task is ambulation. In
other embodiments, the predefined task is performed preoperatively, intraoperatively, or
postoperatively.

[0024] In still another aspect of the invention, there is provided a method of
determining the healing progression status of a subject. The method includes the steps of: (a)
attaching an accelerometer to a subject; (b) collecting accelerometer data through use of the
accelerometer; and (c) analyzing the accelerometer data to determine if the subject has

progressed in healing status.
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[0025] In one embodiment, the step of attaching an accelerometer to a subject
comprises installing a smart implant in the subject. A “smart implant” is an implant that is
able to sense its environment, apply intelligence to determine whether action is required, and
act on the sensed information to change something in a controlled, beneficial manner. In
some embodiments, the smart implant is embedded with the accelerometer. In other
embodiments, the accelerometer is located on an implant surface of the smart implant. The
smart implant may be any number of devices, including a bone plate, a bone screw, a bone
peg, a bone staple, an intramedullary nail, an intramedullary nail cap, an intramedullary
nail/plate, an interference screw, a hip replacement stem, a hip replacement femoral neck, a hip
replacement femoral head, a hip replacement acetabular liner, a hip replacement acetabular
shell, a knee replacement tibial tray, a knee replacement tibial tray liner, a knee replacement
femoral component, a knee replacement tibial tray shaft extension, a knee replacement patellar
implants, a knee replacement wedges, a trochlear groove implant, a femoral canal restrictor, a
shoulder replacement humeral stems, a shoulder replacement glenoid component, a shoulder
replacement humeral head, an elbow replacement humeral component, an elbow replacement
radial component, an elbow replacement ulnar component, an ankle replacement tibial
component, an ankle replacement talar component.

[0026] In one particular embodiment, the smart implant is an intramedullary nail. In
some embodiments, the intramedullary nail has a first end portion and a second end portion,
and the accelerometer is located on the first end portion, the second end portion, or
therebetween.

[0027] In yet another embodiment, the step of attaching an accelerometer to a subject
comprises attaching a wearable device to the subject. In some embodiments, the wearable

device is worn on at least one of the following a thigh, a distal femur, a proximal tibia, a distal
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tibia, an arm, a waist, a head, a wrist, a chest, embedded within a shoe, on a shoe, on a cast,
and on a brace.

[0028]  The advantage of the invention over the prior art concerns the incorporation
of the components within the smart implant in a manner that protects the components,
provides an accurate and stable connection between the sensor and its environment,
maintains the functionality of the implant itself, and is suitable for large scale manufacture.
The device allows for information to be gathered and processed yielding useful clinical data
with respect to a patient’s bone healing cascade.

[0029] The instrumented device removes the estimation from the conventional
diagnostic techniques such as x-ray, CT and MRI imaging by providing the patient objective
quantitative data collected from them through the healing process. Currently, there is no
device which utilizes accelerometer data to monitor fracture healing. The device described
within addresses this by having on board sensors and a memory facility enabling patient data
to be stored thus allowing for early transmission of data. This data includes patient history
and patient activity. The device also enables early intervention by the surgeon, if required,
such as administration of drugs, injection of orthobiologics, cements or demineralized bone
matrix to help promote/accelerate bone healing or a revision surgery.

[0030] There a number of other potential clinical benefits including reduced number
of clinic visits, reduced pain suffered by the patient, improved data on fracture healing, and
early notification of delayed or non-union.

[0031] Further features, aspects, and advantages of the present invention, as well as the
structure and operation of various embodiments of the present invention, are described in

detail below with reference to the accompanying drawings.
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Brief Description of the Drawings

The accompanying drawings, which are incorporated in and form a part of the

specification, illustrate embodiments of the present invention and together with the

description, serve to explain the principles of the invention. In the drawings:

[0033]
embodiment;
[0034]
[0035]
[0036]
[0037]
embodiment;
[0038]
FIG. 5;
[0039]
[0040]
embodiment;
[0041]
FIG. 8;
[0042]
embodiment;
[0043]

[0044]

FIG. 1 is a perspective view of a telemetric orthopaedic implant in a first

FIG. 2 is a top view of the implant shown in FIG. 1;

FIG. 3 is a partial sectional side view of the implant shown in FIG. 1;

FIG. 4 is a detailed perspective view of the implant shown in FIG. 1;

FIG. 5 is a perspective view of a telemetric orthopaedic implant in a second

FIG. 6 is a perspective view of the telemetric orthopaedic implant shown in

FIG. 7 is a perspective view of an insert;

FIG. 8 is a perspective view of a telemetric orthopaedic implant in a third

FIG. 9 is a perspective view of the telemetric orthopaedic implant shown in

FIG. 10 is a perspective view of a telemetric orthopaedic implant in a fourth

FIG. 11 is a perspective view of an external reader as mounted on a belt;

FIG. 12 is a perspective view of a telemetric orthopaedic implant illustrating

the results of finite element analysis;

[0045]

[0046]

FIG. 13 is a graph illustrating data output vs. force;

FIG. 14 is a schematic illustrating an electronic component and a data receiver;
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[0047] FIG. 15 illustrates use of a handheld device;

[0048] FIG. 16 illustrates a control unit;

[0049] FIG. 17 is a schematic illustrating a wearable device;

[0050] FIG. 18 is a schematic illustrating a wireless device in communication with a
wearable device;

[0051] FIG. 19 is a side view of a control unit and wearable device mounted on
footwear;

[0052] FIG. 20 is a front view of a control unit and wearable device mounted on a belt;

[0053] FIG. 21 is a schematic illustrating a telemetric orthopaedic implant system;

[0054]  FIG. 22A is a graph illustrating a fracture healing curve;

[0055]  FIG. 22B is a graph illustrating a non-union fracture healing curve;

[0056] FIG. 23 is a is a graph illustrating fracture healing curves;

[0057] FIG. 24 illustrates an artificial fracture gap;

[0058] FIG. 25 illustrates an in vitro biomechanical test setup;

[0059]  FIG. 261is a graph illustrating strain vs. fracture gap depth as a function of load;

[0060]  FIG. 27 is a graph illustrating strain vs. load as function of gap volume;

[0061]  FIG. 28 is a graph illustrating accelerometer output vs. time;

[0062]  FIG. 29 is a graph illustrating magnitude vs. frequency;

[0063]  FIG. 30is a graph illustrating magnitude vs. frequency;

[0064]  FIG. 31 is a graph illustrating magnitude vs. frequency;

[0065]  FIG. 32 is a graph illustrating magnitude vs. frequency;

[0066]  FIG. 33 is a flowchart illustrating implementation of a smart implant;

[0067]  FIG. 34is a graph illustrating a simplified gait plot imposed over raw data;

[0068]  FIG. 35 is flowchart illustrating data processing;

[0069]  FIG. 36is a flowchart illustrating the healing number registry;
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[0070]  FIG. 37 is a flowchart illustrating adaptation of the system to total joint
arthroplasty;

[0071] FIG. 38 is a flowchart illustrating the small bone injury smart device
application;

[0072] FIG. 39 is a flowchart illustrating intraoperative implant stability
determination; and

[0073]  FIG. 40 is a schematic illustrating a system for processing accelerometer data.

Detailed Description of the Embodiments

[0074] A “smart implant” is an implant that is able to sense its environment, apply
intelligence to determine whether action is required, and act on the sensed information to
change something in a controlled, beneficial manner. One attractive application of smart
implant technology is to measure loads on an orthopaedic implant. For example, an
intramedullary nail is subjected to three types of loading: bending, torsional, and
compression. These loads may be measured indirectly by measuring sensor output of a series
of strain gauges mounted to the orthopaedic implant. In the case of an intramedullary nail,
diametrically apposed strain gauges mounted on the outer surfaces of the nail are subjected
to tensile and compressive forces, respectively. Typically, the strain measured from the
sensors is higher when the implant is loaded in bending than in compression.

[0075] A fundamental parameter of the strain gauge is its sensitivity to strain,
expressed quantitatively as the gauge factor (G). Gauge factor is defined as the ratio of

fractional change in electrical resistance to the fractional change in length (strain),

[0076] where R = nominal resistance, AR = resulting change in resistance and € =

strain. This change in resistance arises from two important factors: (a) the change in the
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resistivity of the material, and (b) the change in the physical dimensions of the resistor as the
material is deformed. For a foil strain gauge, G is found to be 2.1. Voltage recordings are

converted to strain using the following equation:-

g=——_ivf—x(1+ﬁ), ............................................. @)
GF(1+2V,) R,

[0077] where Ry is the lead resistance, R, is the nominal gauge resistance, which is
specified by the gauge manufacturer, GF is the Gauge Factor, which is also specified by the

gauge manufacturer, and V, is the voltage ratio defined by the following equation:-

(VCH (strained) —V,, (unstrained ))

V.= e et e enas 3)
VEX
[0078] where Vcg and Vex are the measured signal’s voltage and excitation voltage
respectively.

[0079] Strain is related to stress using Hooke’s Law which can be rearranged to

calculate the compression and bending loads experienced by the implant (F),

[0080] where E is the stiffness of the implant in gigapascals (GPa), € = strain
measured from the output of the instrumented implant, and A is the cross-sectional area of
the implant in square meters (m?). The corresponding load on the bone is deduced by
subtracting the implant load from the total downward force exerted by the limb measured
using either a force plate or a balance.

[0081] Incorporation of sensors and other electronic components within an
implantable medical device, such as an intramedullary nail, alters its primary function from
a passive load-supporting device to a smart “intelligent” system with the ability to record

and monitor patient activity and compliance.
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TELEMETRIC INTRAMEDULLARY NAIL

[0082] Referring to the accompanying drawings in which like reference numbers
indicate like elements, FIG. 1 illustrates a telemetric intramedullary (IM) nail 10. The
telemetric IM nail 10 includes at least one sensor 12. One particular sensor configuration is
illustrated in FIG. 1. In this embodiment, sensors 12 are located in a proximal region 20, a
central or mid-shaft region 22, and a distal region 24 of the IM nail 10. In the embodiment
depicted in FIG. 1, the telemetric IM nail 10 includes three sensors 12a, 12b, 12¢ with a
sensor corresponding to each region. However, those of ordinary skill in the art would
understand that a greater or lesser number of sensors may be used and that sensors may be
applied in other configurations. The telemetric nail 10 continuously measures a set of strain
values generated from the sensors 12. As explained in greater detail below, the telemetric
IM nail 10 transmits the measurements from the nail to a reader device for calculation of the
forces components without disturbing fracture healing.

[0083] The telemetric IM nail 10 may include features to allow fixation of the nail to
bone. For example, the telemetric IM nail 10 may include proximal apertures 26 and/or
distal apertures 28. In the embodiment depicted in FIG. 1, the telemetric IM nail 10 includes
two proximal holes 26, a distal hole 28, and a distal slot 28, but those of ordinary skill in the
art would understand that a greater or lesser number of apertures may be provided.

[0084] As best seen in FIG 5, the telemetric IM nail 10 also includes one or more
electronic components 18, such as a printed circuit board. The electronic components 18
form an instrumentation circuit with the sensors 12. The electronic components 18 may
include associated signal conditioning circuitry, one or more microprocessors, one or more
memory devices, a power supply, and communications components. The electronic
components 18 allow in situ measurement of changes in the local environment. The

combination of the sensor 12 and the electronic components 18 provide a powerful tool for
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indirect measurement of the changing load over time due to fracture consolidation using the
algorithm described above. In turn, these indirect measurements may be used to provide
information to clinicians on the environment for use in clinical decision making.

[0085] In order to maintain the integrity of the telemetric IM nail 10, the implant
design must protect the components, provide an accurate and stable connection between the
sensor and its environment, and maintain the functionality of the implant itself.
Incorporating sensors within the structure of internal implants raises the “packaging
problem” of maintaining the insulation of electronics, as biological tissues are an extremely
hostile environment. Furthermore, the risk of damage to the electronic components 18 from
common sterilization methods cannot be underestimated. Design considerations for
instrumenting the IM nail 10 requires minimization of any damage to the mechanical and
physical properties of the nail and allow for large scale commercialization and manufacture.
Certain designs may be confirmed by measuring the bending stiffness and fatigue behavior
of the IM nail 10 before and after instramentation.

[0086] As best seen in FIGS. 2-5, the IM nail 10 includes at least one recess 14. As
examples, the recess 14 may be rectangular, square, circular, elliptical, or some combination
thereof. The recess 14 may be made using various manufacturing techniques including, but
not limited to machining, milling, grinding, forging, casting, stamping, and injection
molding. The recess 14 has a depth D, which ranges from about 0.1 mm to about 9.0 mm.
The length L of the recess may be in the range from about 1 mm to about 100 mm. In the
embodiment depicted in FIG. 3, the recess 14 is about 0.5 mm thick and about 5mm long.
The recess 14 receives the sensor 12 and conductor wires 16. The recess 14 protects the
sensor 12 and conductor wires 16 from abrasive damage during the surgical insertion
process. The recess 14 is located on either an anterior surface or a posterior surface enabling

the sensors 12 to experience tensile and compression forces respectively. The sensor 12 may
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be fixed in the recess 14 using a range of high stiffness adhesives including epoxy resins,
polyurethanes, UV curable adhesives, and medical grade cyanoacrylates. These types of
fixation methods do not adversely affect the performance of the sensor 12.

[0087] Additionally, the telemetric M nail 10 may include a recess 14 in the
proximal region 20 to receive the electronic components 18. The recess 14 is dimensioned to
accept the electronic components 18. For example, the electronic components may be about
56 mm long, about 6.2 mm wide, and about 0.25 mm thick, and the recess 14 is sized
accordingly. The recess 14 may be of the same size as the electronic components 18 or
slightly larger.

[0088]  Alternatively, installation of the strain gauges 12 and other electronic
components may be carried out using a more evasive method, such as electro-discharge
milling a longitudinal section in the implant, installing the components in the IM nail 10,
and laser welding the tube segments. However, there are several disadvantages to using this
approach. Localized heat of welding tends to cause distortion and warping of the base
metals or stresses around the weld area, which could affect the corrosion resistance of the
implant. Moreover, laser beam welding has a tremendous temperature differential between
the molten metal and the base metal immediately adjacent to the weld. Heating and cooling
rates are much higher in laser beam welding than in arc welding, and the heat-affected zones
are much smaller. Rapid cooling rates can create problems such as cracking in high carbon
steels.

[0089] There are a number of ways to encapsulate the sensors 12 and other
electronic components. Some components may require more durable methods of
encapsulation than others. For example, if a battery or other potentially hazardous device is
included in the electronics system a titanium case may be required. Alternatively, if the

components are biologically benign, then a simple potting material, such as polyurethane or
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a silicone, may prove to be sufficient. Those skilled in the art would understand that various
materials may be used for the potting material. What is significant is that the potting
material acts as a cover to separate the electronic components from the surrounding
environment. Soldering and welding techniques may also be used to help permanently seal
the sensors 12 and other electronic components inside the instrumented nail 10. Substituting
the standard foil gauge with platinum strain gauges may also enhance durability and
resistance to sterilization and attack by biological fluids.

[0090] In one particular embodiment in FIG. 6, the sensors 12 and the electronic
components 18 are covered with a biocompatible potting material 30, such as polyurethane
or silicone, in order to provide a hermetic seal. Because the sensors 12 and the electronic
components 18 are sealed hermetically from the patient tissues and fluids, long term
function of the telemetric IM nail 10 is achievable. At the same time, leakage of non-
biocompatible or toxic materials is eliminated. The potting material 30 is an electrically
insulative, moisture resistant material, supplied in either a liquid or putty-like form and is
used as a protective coating on sensitive areas of electrical and electronic equipment. The
potting material 30 may be optically opaque or colorless. The strain gauges 12 and
conductor wires 16 are covered in potting material 30 with suitable mechanical
characteristics required to survive the implantation process and restore the mechanical
envelope.

[0091]  An alternative arrangement of the electronic components 18 in the telemetric
instrumented nail 10 is shown in FIGS. 7, 8, and 9. In this particular design, passive
electronic components 40 are located in the recess 14 of the proximal region 20 and active
electronic components 42, such as a power supply, microprocessor, data storage device, and
external communication device, are contained in a separate nail head insert 44. As best seen

in FIG. 9, the passive electronic components 40 may be covered with the potting material 30
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to hermetically seal the electronic components 40. In this configuration, the telemetric IM
nail 10 is implanted in the usual manner, and, once the nail has been implanted into the
bone, the nail head insert 44 is attached to the telemetric IM nail 10. For example, the nail
head insert 44 may be threaded into a hole 46 (best seen in FIG. 5). This particular design
avoids any sensitive electronics being damaged by the implantation process. Connections
between the passive and active electronic components 40, 42 are made using either an
inductively coupled link or physical connections via slip rings.

[0092] The telemetric IM nail 10 may be constructed from a biocompatible material
using standard manufacturing techniques. For example, the nail may be forged out of metal,
hand or machine laid composite, or machined from stock. Alternatively, the telemetric IM
nail 10 may be cast, injection molded, or compacted through hot isostatic processing (HIP).
The HIP manufacturing process is particularly suited for producing nails with preformed
recesses designed to receive sensors and electronic components.

[0093] In yet another alternative embodiment, the telemetric IM nail 10 may be
constructed using a biodegradable composite whose degradation rate is controlled by sensed
strain data. Such a device is more compliant than a conventional metal implant because the
mechanical modulus of the implant changes according to the degree of healing of the
adjacent bone. Increased load bearing capacity on the healing bone triggers the release of an
active agent that accelerates the degradation rate of the nail in order to reduce its load
sharing ability. On the other hand, slow healers require the release of active agents that
inhibit the degradation rate of the implant material. The release of the active agent may be
controlled using a micro-electromechanical structures (MEMS) reservoir system that
releases a chemical manipulation on demand that either accelerates or decelerates the rate of

degradation of the nail. The instramented components may be manufactured using restorable
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materials, such as degradable, porous silicon wafers. Otherwise, non-degradable electronic
components may remain in the patient, which may be acceptable in some cases.

[0094] FIGS. 10 and 11 illustrate one particular embodiment of the telemetric IM
nail 10. The telemetric IM nail 10 includes a single foil strain gauge 31, a printed circuit
board 33, and a driver coil 35. In some embodiments, the printed circuit board 33 includes a
microprocessor (not shown) and an oscillator (not shown). At least some of these
components may be placed within a machined cavity located on the telemetric IM nail 10
and covered with a biocompatible potting material. In the depicted embodiment, the
telemetric IM nail 10 is a femoral antegrade nail and the strain gauge is located on the
anterior “tensile loaded” surface of the nail. The telemetric IM nail 10 may include a low
power telemetry system that is only activated when the telemetric IM nail 10 is within an
interrogation zone of an external reader or interrogator 37. The transmission of power
across an air gap is achieved using magnetic fields generated by inductive couple power
transfer. The air gap is in the range of about 30 mm to about 110 mm, with a particularly
suitable range from about 60 mm to about 80 mm. The strain gauge produces a measurable
effect in the reader coil from which strain can be determined. When the telemetric IM nail
10 is not being read, it is in “sleep” mode.

[0095] As best seen in FIG. 11, the interrogator 37 is a belt 39 worn by the subject
around the waist during data acquisition. The belt 39 may be worn at the subject’s residence
or at a clinic or other healthcare facility. The data may be transmitted by wire or wirelessly
to a computing device, such as a personal computer, laptop, personal data assistant, or the
like.

[0096] As an example of use, the telemetric IM nail 10 and the belt may be used to
capture strain data. By analyzing the data, a user can determine the healing status or

progression of the subject. The data may include, as an example only, the maximum strain
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recorded over a period of time, such as several months. The entire healing period may be
six months or more depending upon the healing progression of the subject. In the case of
the strain gauge, the load component of the healing bone can be determined by subtracting
the implant load from the total load measured in the operated limb. The strain rate
measurements may be used to estimate the degree of healing. Moreover, the strain rate
measurements may provide insight into the stiffness of the healing bone for various activity
levels specific to the subject and type of injury. The inductive couple power transfer enables
the healing status of the implant to be monitored for the entire lifetime of the subject. Thus,
the user may look many years later for changes in the implant as a result of old-age, trauma,
or disease. While the depicted embodiments relate to intramedullary nails, those of ordinary
skill in the art would understand that the invention is also well suited for joint replacement
applications.
FE MODELING TO DETERMINE OPTIMUM POSITION OF SENSORS

[0097] Referring now to FIG. 12, the sensors 12 may be devices capable of
measuring mechanical strain, such as foil or semiconductor strain gauges. Alternatively, the
sensors 12 may be load cells used to directly measure mechanical load. The embodiment
depicted in FIG. 1 utilizes foil strain gauges to measure strain. The optimum location of the
sensors 12 for the purpose of measuring strain may be determined through finite element
(FE) analysis. The sensors 12 may be located, for example, but not limited to, in the working
region of the implant 10. The working region is defined as the region between two fixation
apertures 26, 28. The fixation apertures 26, 28 are adapted to receive fasteners, such as
screws, to attach the implant 10 to bone. As can be seen in FIG. 10, the darker, shaded areas
represent stress concentrations. The stress distribution results from the way in which the nail
10 is loaded through the patient’s hip joint and results in high bending stresses on the outer

surface of the nail 10, aligned with the proximal apertures 26. Typically, a 50% reduction in
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stress is observed between sensors placed inside the implant as opposed to an external
mounting.
SENSOR

[0098] The telemetric IM nail 10 includes the sensor 12. The sensor 12 senses at
least one item, event, condition, etc. The sensor 12 may be any number of types including,
but not limited to, a foil strain gauge, a semi-conductor strain gauge, a vibrating beam
sensor, a force sensor, a piezoelectric element, a fiber Bragg grating, a gyrocompass, or a
giant magneto-impedance (GMI) sensor. Further, the sensor 12 may indicate any kind of
condition including, but not limited to, strain, pH, temperature, pressure, displacement,
flow, acceleration, direction, acoustic emissions, voltage, pulse, biomarker indications, such
as a specific protein indications, chemical presence, such as by an oxygen detector, by an
oxygen potential detector, or by a carbon dioxide detector, a metabolic activity, or biologic
indications to indicate the presence of white blood cells, red blood cell, platelets,
osteoblasts, osteoclasts, growth factors, or collagens. Finally, the sensor 12 may be an image
capturing device.

[0099] Some orthopaedic applications may require more than one sensor to measure
more than one item, event, or condition. Thus, some implants require multi-channel
capabilities. For example, the telemetric IM nail 10 may include six or more strain gauges.
The sensor 12 may be an array of sensors or a series of discrete sensors. The telemetric IM
nail 10 also may be designed with multi-axial strain gauges in a rosette configuration to
allow for the measurement of loads in x, y and/or z planes. The configuration of the sensors
12 also may be tailored to meet the requirements of the patients fracture. The sensor 12 is
designed in such way that it does not compromise the performance of the implant. For
example, the sensor 12 must be unobtrusive, biocompatible, and in no way affect the

established biomechanical performance of the implant. It has been shown that nails with a
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tight fit between implant and the adjacent bone may be deformed significantly during
insertion. As a result, the resolution of the selected sensor is better than 8 bit (0.05 %). The
output of the sensor may be investigated by applying an axial load to the instrumented nail.

[00100] The loading configuration is designed to match the loading pattern typically
observed in a human femur, i.e. an offset vertical load transmitted through the nail via the
proximal fastener. Strain vs. load plots for three instrumented IM nails with two strain
sensors 12 located on the inner (compression) and outer (tensile) surfaces at either the mid-
shaft region (nail 1), distal region (nail 2), or proximal region (nail 3) respectively are shown
in FIG. 13. In all cases, the responses from the sensor pairs are fairly linear when the load on
the nail is ramped up to 500 N. In addition, there is little or no hysteresis observed when the
load is applied and removed from the nail.

[00101] As noted above, the sensor 12 may be an accelerometer, obtaining nearly
continuous changes in acceleration over time at a sampling rate from about 0.5 Hz to about
2000Hz. The system also may be designed with multi-axial accelerometers in varying
configurations to enable changes in acceleration measurement in x, y and z planes. The
accelerometer embedded into the IM is designed in such way that it does not compromise
the performance of the implant, i.e. unobtrusive, biocompatible, and in no way affect the
established biomechanical performance.

[00102] The sensors may be any combination of devices capable of measuring raw
acceleration or change in relative acceleration of the implant, patient extremity, any portion
of the patient’s body, cast, brace, splint, or boot. In the current invention the sensor could be
MEMS (micro-electromechanical system) or non-MEMS based accelerometer in a
cantilever beam configuration or other relevant configuration (spring-mass-damper),
gravimeter, vibrating beam, and/or gyroscope. The sensor could be analog or digital with

any numbers of axes including a maximum swing of +50g. The sensitivity of the sensor is
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sufficient to capture the acceleration data such that when amplified the data is recognizable
and discernable (e.g. 0.0001-100mV/g). The sensor bandwidth is suitable to ensure proper
data generation and capture (e.g. 0.01-20000Hz). Further, the operating temperature of the
sensor allows for implantation as well as ambient conditions if the sensor is being worn. An
acceptable operating temperature range is -50-150 degrees F.
COMMUNICATION

[00103] The electronic components 18 are in communication with a data receiver 50.
The electronic components 18 receive data from the sensor 12 and transmit the data to the
data receiver 50. The electronic components 18 transmit the data by wire or through a
wireless connection. The transmission may use available technologies, such as ZIGBEE™,
BLUETOOTH™, Matrix technology developed by The Technology Partnership Plc. (TTP),
or other Radio Frequency (RF) technology. ZigBee is a published specification set of high
level communication protocols designed for wireless personal area networks (WPANSs). The
ZIGBEE trademark is owned by ZigBee Alliance Corp., 2400 Camino Ramon, Suite 375,
San Ramon, California, U.S.A. 94583. Bluetooth is a technical industry standard that
facilitates short range communication between wireless devices. The BLUETOOTH
trademark is owned by Bluetooth Sig, Inc., 500 108th Avenue NE, Suite 250, Bellevue
Washington, U.S.A. 98004. RF is a wireless communication technology using
electromagnetic waves to transmit and receive data using a signal above approximately 0.1
MHz in frequency. Due to size and power consumption constraints, the telemetric IM nail
10 may utilize the Medical Implantable Communications Service (MICS) in order to meet
certain international standards for communication.

INSTRUMENTATION SYSTEM
[00104] FIG. 14 illustrates the electronic components 18, such as a printed circuit

board, and the data receiver 50. The electronic component 18 includes a power transmitter
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32, a DC power supply 34, a combination analog/digital converter and microprocessor 36,
and a sensor data transmitter 38. The data receiver 50 includes a sensor data receiver 52 and
a power transmitter 54. Although illustrated as separate components, those of ordinary skill
in the art would understand that the transmitter and the receiver may be combined in a single
unit, sometimes referred to as a transceiver. In the embodiment depicted in FIG. 14, power
consumption and data transmission are contactless. The electronic component 18 may
include any of the following: (1) any number of foil strain gauges; (2) matching number of
low noise, low power instrumentation amplifiers; (3) matching number of Wheatstone
bridge resistor networks; (4) matching number of strain gauge zero-adjustments; and (5) on-
board power supply with noise filtering.

[00105] One particular arrangement of the system architecture is illustrated in FIG.
14. In this particular example, power consumption and data transmission are contactless.

[00106] The circuitry is designed to fit within the nail and provide either a wired or
wireless interface with the onboard sensors, and allow low-noise measurements.

POWER MANAGEMENT

[00107] The telemetric IM nail 10 may incorporate one or more power management
strategies. Power management strategies may include implanted power sources or inductive
power sources. Implanted power sources may be something simple, such as a battery, or
something more complex, such as energy scavenging devices. Energy scavenging devices
may include motion powered piezoelectric or electromagnetic generators and associated
charge storage devices. Inductive power sources include inductive coupling systems and
Radio Frequency (RF) electromagnetic fields.

[00108] Finally, the telemetric IM nail 10 may incorporate a storage device (not
shown). The storage device may be charged by an inductive/RF coupling or by an internal

energy scavenging device. The storage device must have sufficient capacity to store enough
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energy at least to perform a single shot measurement and to subsequently process and
communicate the result.

[00109] FIG. 15 illustrates a handheld device 60 being placed on a leg 102 of a
patient 100. The handheld device 60 generates RF waves that excite the electronic
component 18. The excited electronic component 18 retrieves stored sensor readings and
sends them to the handheld device 60 via a carrier wave. The handheld device 60 may be
equipped with a processor (not shown) for direct analysis of the sensor readings or the
handheld device 60 may be connected to a computer for analysis of the sensor readings.

COMMUNICATION

[00110] The demands on an implantable telemetry system are severe and robust
methods must be utilized to capture data from the orthopaedic implant. Prior attempts in the
art have not provided a signal in the range needed for an instrumented intramedullary nail.
Thus, the telemetric IM nail 10 has a wired interface in its most simplified version. In other
words, the electronic components 18 are connected to an external control unit 62 via a wire
(not shown). The control unit 62 may be placed on the patient 100 as a wearable device,
such as an arm band, wrist band, thigh band, or anklet bracelet. Alternatively, the control
unit 62 may be connected to a cast 64, such as by placing the control unit inside the cast or
attaching the control unit to the exterior of the cast.

[00111] The control unit 62 may include a display 66 and/or a speaker 68. The display
66 may be used to display sensor readings, provide warning lights, a count down timer
allowing the patient to anticipate an important event, such as cast removal, or an
entertainment device, such as an electronic game, to occupy time. The speaker 68 may be
used to provide sounds, such as pre-recorded instruction, warning sounds, or game sounds.

[00112] The patient actively wears the control unit 62 which constantly monitors the

patient’s activity. In the case of a major event, such as a traumatic incident or loss of



WO 2008/103181 PCT/US2007/062757

10

15

20

25

23

essential body function, the control unit 62 senses this change and sends out an alert which
could be audible and/or visual. Alternatively or in addition to the alert, the control unit 62
may send information to another device which could prompt the wearer for information to
confirm the patient’s status. The control unit 62 also could be used to notify emergency
assistance groups of impending danger and other pertinent information, such as location of
the patient. In this last example, the control unit 62 may include a global positioning system
(GPS) module to locate the control unit and patient.

[00113] The control unit 62 may be housed in virtually any type of material, such as
plastic, rubber, metal, glass, ceramic, wood, stone, long fiber composites, short fiber
composites, non-fiber composites, etc. The display 66 may be a liquid crystal display, a light
emitting diode display, a plasma display, a digital light processing, a liquid crystal on silicon
display, cathode ray tube, etc.

[00114] In other embodiments, however, the telemetric IM nail 10 has a wireless
communications facility to allow the patient to move around freely. This embodiment is
partially depicted in FIG. 14.

[00115] In some embodiments, the sensor is a separate entity from the control unit.
This sensor is worn or otherwise attached to the outside of the patient’s body or integrated in
some fashion into the implant. In any case, the control unit could be placed on the body as a
wearable device (arm band, wrist band, thigh band, anklet) or placed inside or attached to a
plaster cast. Alternatively, the control unit may be an integral part of the implant.

[00116] FIG. 17 illustrates a system having a separate sensor and control unit. As
shown in FIG. 17, a person 101 may have one or more sensing devices 103(a), 103(b),
103(c), and 103(d) included on their person, their clothing, their footwear, or their
equipment. These sensing devices may sense data, such as physical or physiological data

associated with the person. As some more specific examples, in the environment illustrated
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in FIG. 17, sensors 103(a) and/or 103(b) may sense step count (e.g., for pedometer type
speed and/or distance measuring), GPS data, step impact force data, jump height data, or the
like; sensor 103(c) may sense pulse rate, body temperature, blood pressure, hydration levels,
or the like; and sensor 103(d) may sense heart rate, EKG data, and the like. Those having
ordinary skill in the art would understand any number of sensors may be provided.
Additional examples of potential types of data that may be collected include, but are not
limited to: user speed data; user distance data; altitnde data; route data; contact surface
impact force data; ambient temperature data; ambient humidity data; barometric pressure
data; sole member compression data; body temperature data; hydration level data; air intake
rate or volume data; air expel rate or volume data; EEG data; blood gas content data; and the
like.

[00117] The various sensors, e.g., 103(a) through 103(d), also may be portable and
carried by the person 101 in any desired manner without departing from the invention. For
example, if desired, one or more sensors may be mounted in or on an article of footwear 104
(e.g., like sensors 103(a) and 103(b) in this example) or provided in or on an article of
athletic apparel (e.g., like arm band 106 in this example, which includes sensor 103(c), in a
shirt, shorts, pants, socks, headband, etc.). As still additional examples, as illustrated in FIG.
17, a sensing device 103(d) may be mounted directly on the athlete's 101 body, e.g., by
adhesives, bands, hooks, other mechanical connectors, or the like.

[00118] The sensing systems and/or devices 103(a) through 103(d), as well as any
data transfer systems associated therewith (e.g., such as wireless transmission or transceiver
devices 109 shown in FIG. 17 and described more below (e.g., radio transceivers)), may be
mounted on articles of footwear, clothing, athletic equipment, or the like in any desired
manner, e.g., via clips, clamps, adhesives, sewing, in pockets, via hook-and-loop fasteners,

or other fasteners or mechanical structures, etc. Alternatively, if desired, the sensing systems
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or devices 103(a) through 103(d) may be integrally formed with and/or included as part of
an article of footwear or an article of clothing without departing from the invention. If
desired, one or more sensing devices and its/their associated data transfer system(s) 109 may
be included as part of a single structure, e.g., mounted in a common housing and/or on a
common board, connected to one another, etc., without departing from this invention.
Further, if desired, the housing (if any) may be equipped with operation lights (e.g., LEDs,
etc.) or other indicators, e.g., to indicate power status (e.g., on/off), power source status
(e.g., charging v. battery operation), data reception and/or processing status (e.g., standby v.
receiving v. transmitting v. processing, etc.), charge or recharging level status, etc.

[00119] Physical or physiological data associated with the subject may be collected by
the various sensing devices (e.g., devices 103(a) through 103(d)) and transmitted to a
display device 111 for display (and optionally storage, further processing, etc.). Any type of
display device 111 may be used without departing from the invention, including, for
example, conventional or "off the shelf" display devices 111. More specific examples of
suitable display devices 111 include: electronic devices with a display screen, such as an
LED, LCD, or plasma display screen; watches; portable audio devices, such as radios, tape
players, CD players, MP3 players, and the like; alphanumeric display devices such as
beepers, pagers, and the like; portable video or audio/video display devices, such as portable
televisions, DVD players, and the like; portable communication devices, such as cellular
telephones, radios, and the like; portable computing systems, such as PDAs, handtop or
palm top computing systems, and the like. In the illustrated example, the display device 110
includes a cellular telephone that the user has clipped to his belt so as to be readily carried
and used during ambulation. In some embodiments, the display device 111 is replaced with
an audio signaling device. In other embodiment, the display device 111 includes an audio

signaling device.
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[00120] FIG. 18 illustrates a schematic diagram of a wireless monitoring system 201.
In this system 201, an electronic interface device 203 is physically plugged into a portable
electronic display device 205 via a mechanical connection system 207 that holds the two
devices together, e.g., in a secure but releasable manner (e.g., via friction fit, detents or
retaining elements, etc.). Optionally, if desired, other independent securing elements may be
provided to at least partially help hold the interface device 203 with the portable electronic
display device 205 (e.g., hooks, straps, snaps, clips, clamps, clasps, retaining elements, etc.).
Alternatively, the electronic interface component and the portable electronic display device
may form a single component.

[00121] This example system 201 further includes a sensing system 209 for
measuring and transmitting data. More specifically, in this example structure, accelerometer
data is sensed by sensors A and B, and data from these sensors is sent to the sensing system's
processing system, e.g., a microprocessor, which optionally may cause the data to be stored
(e.g., in a storage system or memory (not shown in FIG. 18), further processed, etc. A
separate power supply may be provided to operate the various components of the sensing
system 209, such as the sensors, the microprocessor, the data transfer system 211, memory,
and/or any other necessary or desired components. If desired, the microprocessor on board
the sensing system 209, if any, may process the sensor data, change its form or format, or
otherwise manipulate the data prior to sending it on to other parts of the system 201.

[00122] At an appropriate or desired time (e.g., when a data request is received,
periodically, automatically, upon user demand, etc.), the sensing system 209 may send at
least some portion of its data (e.g., raw data directly from one or more of the sensors, data
derived at least in part from the raw data, etc.) to the electronic interface device 203, e.g., for
eventual display to a user on display device 205. This may be accomplished, for example, as

shown in FIG. 18, via a wireless data transmission system (e.g., from wireless data transfer
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or transmission element 211 in the sensing system 209 to wireless data receiving element
213 in the electronic interface device 203) or in any other desired manner without departing
from this invention. Any desired wireless protocol, broadcast protocol, or other data
transmission protocol may be used without departing from this invention.

[00123]  Once received at the electronic interface device 203, the data may be further
processed, if necessary or desired, and then supplied to the processing system (e.g.,
microprocessor) of the display device 205. This may be accomplished at any desired time or
timing (e.g., when a data request is received, automatically, periodically, on user demand,
etc.) without departing from this invention. From there, the data may be further processed, if
necessary or desired, and then sent to the display screen 215 in a form suitable for
presentation to and viewing by a user (e.g., in audio, video, and/or alphanumeric form, etc.).

[00124] In this illustrated example system 201, power for the electronic interface
device 203 is supplied via the power supply 217 used for operating the display device 205
(e.g., which may be a rechargeable battery of a personal data assistant or other portable
electronic device), as shown by the connection 219 to the power supply 217 via the
connection system 207. The "power” element 225 in interface device 203 in this example
may be used simply to distribute power from an external power source (e.g., the power
supply 217 of display device 205 in this example) to various components of the interface
device 203. Alternatively, the power element 225 may be omitted, e.g., if internal wiring of
the interface device 203 allows power transfer from power supply 217 to all required
components of the interface device 203. Additionally, in this example system 201, user input
may be furnished to conmtrol the electronic interface device 402 via input systems 420
provided in the portable display device 205. For example, if desired, a user could enter a
specific mode of operation via inputs provided on the display device 205 in which various

features, functions, or characteristics of the electronic interface device 203 may be
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controlled. Additionally or alternatively, if desired, the electronic interface device 203 may
include its own input system and/or its own power supply.

[00125] Of course, many different arrangements of various elements or components,
including some or all of the elements or components shown in FIG. 18, may be used without
departing from this invention. Moreover, additional components or elements may be
included in such systems, or one or more of the illustrated systems or components may be
eliminated without departing from the invention. Additionally, if desired, a single electronic
interface device 203 and display device 205 may be simultaneously operatively connected so
as to receive data input from multiple independent sensing systems,.e.g., of the type shown
at reference number 209 (see, for example, the arrangement of FIG. 17). Many variations in
the overall structures, components, and architectures of various systems are possible without
departing from this invention.

[00126] One potential advantage of systems and methods according to at least some
examples of this invention lies in the fact that the components and infrastructure of an
existing portable electronic display device (e.g., a cellular telephone, MP3 player, PDA, or
the like) may be leveraged and used in combination with an electronic interface device that
connects thereto and electronically communicates therewith in order to allow this existing
electronic device to additionally display and provide data to a user without requiring the user
to obtain and carry another electronic display device. As noted above, leveraging the input
system and/or power supply of the existing electronic device used for its display can further
reduce the size, weight, cost, and complexity of the interface device, thereby providing
additional advantages.

[00127] FIG. 19 illustrates an example system 301 in which a sensing module 303 is
mounted in an article of athletic footwear 305. The sensing module 303 may include, for

example, one or more data sensors, a data transfer system, processing capabilities, a power
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supply, and/or the like. Any desired manner of mounting the sensing module 303 in or on
the article of footwear 305 may be provided without departing from the invention, such as
via a slot or chamber, via a mounting pocket or element, via straps, adhesives, mechanical
connectors, hook-and-loop fasteners, retaining elements, via user removable connections,
etc. Alternatively, if desired, the sensing module 303 may be integrally formed as part of the
article of footwear 303, e.g., during footwear manufacture, and/or permanently fixed thereto.

[00128]  As further shown in FIG. 19, the sensing module 303 may be in wireless (or
other) communication with an interface device 307, which in turn is physically connected to
a display device 309, such as a cellular telephone as illustrated in FIG. 19. This display
device 309 may be attached to the user's body, clothing, or equipment, e.g., so as to be easily
carried, moved, and/or viewed. As more specific examples, if desired, the sensing devices
aboard sensing module 303 may provide step count data, and the electronic interface device
307 may process this data, optionally along with timing data, so as to provide pedometer
type speed and/or distance data for display on display device 309. Of course, any type of
data may be provided by sensing modules 303 and any desired type of information may be
displayed on display device 309 without departing from this invention.

[00129]  FIG. 20 illustrates another arrangement and/or environment of use of systems
401. In this example, the sensing device 403, including one or more individual sensing
elements for measuring data, is mounted in or on an article of clothing, such as in a pocket
or other attachment element 405 provided in a belt or band 407. The belt or band 407 or
other article of apparel may be attached to the user's body (e.g., arm, waist, chest, leg, head,
etc.) and may be arranged so that the sensing elements on board sensing device 403 measure
the desired data (e.g., physical data, such as step count, acceleration, speed, distances,
impact force, etc., or physiological data, such as heart rate, pulse rate, air intake/exhale

volumes or rates, body temperature, blood pressure, EKG data, EEG data, etc.). The
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measured data may be transmitted to the electronic interface device 409, optionally after
initial processing, which in turn may further process the incoming data and transfer it on to
display device 411 for display to the user.

[00130] Not only does the telemetric IM nail 10 include a sensor, but also the
telemetric IM nail may include an acting unit to perform certain functions based on sensor
readings or external commands. FIG. 21 illustrates a telemetric implant system 110. The
telemetric implant system 110 includes a telemetric orthopaedic implant 112, a control unit
114, a reader 116, and a computing device 118. The reader 116 wirelessly communicates
with the control unit 114 to transmit and receive data. The reader 116 is connected to the
computing device 118 either by wires or wirelessly. The computing device 118 may be any
number of known devices, such as a personal digital assistant, a desktop computer, a laptop
computer, a notepad PC, a biometric monitoring device, a handheld computer, or a server.
The computing device 118 is used to analyze the data received from the orthopaedic implant
112. The computing device 118 may be used to store data and/or to program the telemetric
orthopaedic implant 112. The reader 116 and the computing device 118 may be incorporated
into a single device.

[00131] The orthopaedic implant 112 includes one or more sensors 120, a
microcontroller 122, one or more stored deliverables 124, and one or more acting units 126.
The sensor 120 outputs an induced signal to a preamplifier (not shown), then to an amplifier
(not shown), and then to a filter (not shown). The signal travels then to the microcontroller
122 which processes the sensor signal via an algorithm and decides if the information is to
be stored or sent to the acting unit 126. The algorithm used to decide how to act can be pre-
programmed from the manufacturer or by surgeon preference. The acting unit 126 may
communicate with the microcontroller 122 either by wire or wirelessly. Upon receiving the

signal from the control unit 114 or the microcontroller 122, the acting unit 126 deploys a
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stored deliverable 124, which includes, but is not limited to, biological manipulations, an
antibiotic, an anti-inflammatory agent, a pain medication, an osteogenic factor, radio-
markers, angiogenic factors, vasodilator, and/or growth factors.

[00132] The acting unit 126 may be a MEMS device, such as a pump that delivers a
specific volume of medicament or other stored deliverable 124. The orthopaedic implant
112 may include several of these pumps that all contain the same stored deliverable 124 as
to offer redundancy in case one or more of the pumps fail. The pump contains a reservoir or
reservoirs of stored deliverable 124to be delivered. The stored deliverable 124 is delivered
using any type of microfluidic mechanism, such as a rotary pump, a piston pump, a shape
memory material pump, etc.

[00133] The control unit 114 includes a power generator 128, an energy storage
device 130, a logic circuit 132, a microcontroller 134, an RF detector coil 136, and an RF
load switch 138.

USER INTERFACE

[00134] In some embodiments, the computing device 118 includes a graphical user
interface (GUI). The GUI allows a healthcare provider and/or patient to display information
based on the collected data either locally or remotely, for example telemedicine, from the
telemetric orthopaedic implant 112. The GUI may include an audio device for producing
sound to relay information to the user. The GUI identifies the system to communicate with,
prompts the user for security clearance, verifies the security clearance, and downloads the
data from the telemetric orthopaedic implant 112 or the reader 116. The data is then further
processed into various forms from simple discrete healing progress status numbers or
verbiage to complex information such as a graphical reproduction of the patient gait cycle
curve, patient activity, patient compliance, patient data, patient medical records, healthcare

provider information, implant manufacture information, surgical techniques, x-radiograph
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information, computed tomography imaging information, magnetic resonance imaging
information.

[00135] Further, the patient could be alerted by the GUI as a result of sensed
information. The logic circuit 132 may be used to monitor data received from the telemetric
orthopaedic implant 112 and send a signal if a certain variable exceeds a preconfigured
limit. The alert could let the user know when a clinic visit is necessary for doctor
intervention, the device has been overloaded, or how to manage a situation that has occurred
without surgeon intervention.

[00136] The telemetric implant system 110 has many uses. For example, a patient
may undergo a surgical intervention to repair a sustained injury or joint reconstruction,
during which time the patient receives a telemetric orthopaedic implant to aid in the repair
of the injury. The implant may utilize an electromechanical system designed to monitor
various aspects of the patient’s recovery with one or more sensors, decide if an action needs
to take place, and hence act as programmed.

EARLY MONITORING OF BONE HEALING

[00137] While immobilization and surgery may facilitate bone healing, the healing of
a fracture still requires adequate physiological healing which can be achieved through
continuously monitoring changes in the in situ load distribution between the implant and the
surrounding bone using sensors and a biotelemetry system. The mass and architecture of
bone are known to be influenced by mechanical loading applied to them. In the absence of
appropriate loading due to stress shielding caused by poor management of internal
orthopaedic fixation systems, bone mass is reduced resulting in compromised healing of the
fracture. The primary function of a telemetric orthopaedic implant is to carry the load
immediately after surgical placement. For example, the telemetric orthopaedic nail carries

the load immediately after surgical placement in the intramedullary canal. With progression
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of fracture healing, the load sharing between the implant and the bone changes. This can be
tracked using strain gauges optimally positioned within the orthopaedic implant according to
the location of the fracture. The sensors are used to monitor the progress of union in the case
of fracture by continuously monitoring the load component of the healing bone in all spatial
components, which is unobtainable from X-rays. Periodic follow-up provides a graph that
shows the gradual decrease of relative motion of the fragments until union occurs.

[00138] Each fracture patient generates his or her own unique healing curve;
however, the general shape of the healing curve indicates whether the fracture progress to
either a union condition or a non-union condition. The healing curve generated from a
patient is dependent upon a number of factors including the type and location of the fracture,
health status (underlying disease), age, activity, rehabilitation, and time to reach weight
bearing.

[00139] Hypothetical load vs. healing time curves showing the loading distribution
between an instrumented IM nail and the surrounding bone are schematically illustrated in
FIG. 22A and FIG. 22B. In FIG. 22A, the fracture is progressing to a union condition, and in
FIG. 22B, the fracture maintains a non-union condition. Non-union or pseudarthrosis usually
means that there is motion between the two bones that should be healed or fused together.
Although fracture healing results in a reduction in implant load, the remaining load of the
nail can be significant and are expected to increase with patient activity. It has been
suggested that loading of the bone may increase up to 50 percent after implant removal. The
load measured in the adjacent bone is determined by subtracting the implant load from the
load exerted through the limb, which is determined using either a force plate or balance. The
clinician also can measure the load acting through the contralateral limb in order to provide

a reference measurement for a fully functional limb.
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[00140] FIG. 23 illustrates an amount of time that a high implant strain condition may
exist. The union condition is the general desired state for achievement of a healed fracture.
Delayed fracture healing is generally defined as bony union within a period outside the
normal expected time for fracture healing, such as three to six months. Non-union or
pseudarthrosis is defined as no substantial detectable bony fusion within a period of six
months or longer.

[00141] The healing curve may be used in several different ways. First, in the case of
an active telemetric orthopaedic implant, the implant or control unit continuously records
data. In the case of an intramedullary nail as an example, the strain on the implant is
recorded as the patient ambulates. The surgeon or other healthcare provider may download
the data from the implant or control unit in a clinical setting. The data is processed and a
healing curve is generated from the data. If the surgeon observes that the strain on the
implant is decreasing with time, similar to the graph of FIG. 22A, this implies that the
surrounding hard tissue is accepting some of the load and, thus, the fracture is healing.
However, if the strain on the implant is unchanged with time and at the approximate level as
when the patient was discharged from the hospital or other health care facility, similar to the
graph of FIG. 22B, then this implies that the surrounding hard tissue is not bearing the load
and, therefore, the fracture is not healing.

[00142] Second, the telemetric orthopaedic implant may be a passive device that does
not record data continuously but only when it is exposed to an energy source. In this
embodiment, the hospital, healthcare facility, subject’s residence or other location provides
an energy source which energizes the telemetric orthopaedic implant and allows it to record
data. In this example, the telemetric orthopaedic implant is energized, a load is placed on the
affected bone with the implant at to a set level, and sensor readings are captured. For

example, the implant may be an intramedullary nail and the sensors may measure strain on
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the nail as the load is applied. The sensed data is downloaded and processed. In this
example, the sensed data must be compared to previous measurements. For example,
measurements may be taken at predetermined time periods, such as daily or weekly. If the
load applied to the bone is unchanged and the strain has decreased compared to previous
measurements over time, then it is implied that the hard tissue is sharing some of the load
and, thus, the fracture is healing. However, if the strain on the implant remains unchanged
compared to previous measurements over time, this implies that the surrounding hard tissues
is not bearing any of the load and, therefore, the fracture is not healing.

[00143]  Telemetric orthopaedic implants of the kind described herein utilize an
algorithm that gives an early indication as to whether the fracture will heal or not based on
the rate of change in the initial load measurements. The information provided by the sensors
also may be used to design a new class of orthopaedic implants that are more compliant with
the surrounding bone in terms of strength and stiffness.

[00144]  The functionality of a telemetric orthopaedic implant may be demonstrated in
vitro using a plastic fracture model. In this test shown in FIGS. 24 and 25, a telemetric
intramedullary nail 220 is implanted in an intact femur model 200 and gradually, a
circumferential fracture gap 210 is introduced while observing changes in the strain as a
function of load. Thus, reversing the fracture conditions typically observed in vivo. The
strain gauges are applied to the medial and lateral sides of the nail 220, positioned on the
shaft of the nail to correspond with the fracture gap placement. Interpretation of the data
obtained from this study represents the ability to measure bone healing in vivo. The nail
construct is loaded at a stepwise displacement from about 0 1bf to about 300 Ibf in
predetermined increments and the strain is measured at each load increment. The first series
of strain measurements are made with the bone model completely intact. The next series of

strain measurements are made with 75% of the fracture gap 210 in place. Subsequently, the
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third, fourth, and fifth series of strain measurements are made with 50%, 25%, and 0% of
the fracture gap 210 in place, respectively. A final series of strain measurements is made
with the fracture gap segments re-inserted to their original position. The fracture gap 210 is
approximately 5 mm thick, positioned on the shaft of the bone model such that it is at half of
the working distance of the nail 200, which means it is half of the distance between the
locking fasteners.

[00145] FIG. 26 illustrates reverse simulated bone healing using an artificially
induced circumferential gap. FIG. 27 illustrates load vs. strain curves obtained from the
plastic fracture model with 100 % (fully intact), 75 %, 50%, 25%, and 0% (fully fractured)
of the fracture gap in place.

GAIT ANALYSIS

[00146] The invention also includes a gait analysis tool in which gait data is gathered,
processed, and stored until an external device accesses the data and presents it to a reviewer,
such as a patient, surgeon, healthcare provider, or physical therapist. The telemetric
orthopaedic implant may include an accelerometer, which can output acceleration changes
over time at a sampling rate ranging from about 1 Hz to about 20000 Hz. Reference FIG. 28
for an example of graphically represented data output resulting from wearing an
accelerometer and the wearer undergoing normal unassisted gait. The sensor output data can
then be manipulated as desired for analysis. One such method is to convert the data from the
time domain to the frequency domain and look for biometric markers or patterns. FIGS. 29-
31 show data similar to that in FIG. 28 transformed into the frequency domain. In these
figures, distinct peaks are seen at various frequencies which define the wearer’s gait
signature seen as the differences in FIGS. 29-31. The patient’s gait changes gradually with

time and aging or abruptly as is the case when a patient sustains a severe traumatic injury to
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any of the bone in their lower extremity. The frequency domain gait signature for an
artificially induced antalgic gait pattern is seen in FIG. 32:«

[00147] The gait analysis tool allows for basic information to be gathered and
processed yielding conclusive valuable data with respect to a subject’s gait cycle. This data
can be used to diagnose the patient’s healing status in at least their lower extremities, which
when injured impede the normal gait cycle. Historically, surgeons have had to rely on
radiographs or other imaging techniques to determine the stage of the patient’s bone healing
cascade. These tools are helpful but allow for error in diagnosis. There are several areas for
this opportunity including but not limited to image quality, parallax, and misdiagnosis.
Further, even though these diagnosis tools exist, the surgeon relies on patient testimonial
more heavily than the images. The gait analysis tool removes the supposition from the
diagnosis by providing the surgeon objective unbiased data collected from the patient
throughout the healing process. The gait analysis tool allows the surgeon to understand
earlier in the healing process if intervention is needed to augment treatment using a biologic,
such as an injectable cement or demineralized bone matrix, to speed healing or if a revision
surgery may be necessary. Because the telemetric orthopaedic implant described herein has a
memory function, patient data may be stored thus allowing for the easy transmission of the
data. This data could include personal data, patient history information, as well as patient
activity. If the activity is captured, the surgeon could discern if the patient has been
accurately performing postoperative rehabilitation regimens. This allows the surgeon to
accurately predict and prescribe further regimens, which currently is not feasible with
existing employed technology.

[00148] As noted above, the gait analysis tool utilizes an accelerometer sensor to
record the changes in acceleration of an implant or any part of the patient while the patient is

walking or otherwise ambulating. In one instance, the sensor 12 measures acceleration of
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the implant 10 over time. Alternatively, the patient wears an accelerometer device after
being treated for a bone fracture or after reconstructive surgery. As examples, the patient
may have an accelerometer attached to his or her thigh after being treated for a femoral
fracture with an intramedullary nail or after a total hip replacement. As the patient returns to
normal life and ambulates with crutches, then a walker, then a walking cast, etc., the
changes in acceleration are recorded within the device. The data is then used to analyze the
patient’s gait normalcy and give an indirect method of determining the patient health, in this
case fracture healing.

[00149]  The direct output of the device provides acceleration data with corresponding
time of data capture. This data is represented graphically as acceleration versus time. An
example is given in FIG. 28. This graph is analyzed and compared to a library of data to
determine the level of patient healing; however, a much more robust and reliable method
may exist in frequency domain analysis. The acceleration versus time graph is considered a
time domain data set in that the independent variable is time and the dependent variable is
acceleration. In other words, acceleration is a function of time. There are popular
techniques exploited to solve common problems by transforming time domain data into the
frequency domain. Two common methods are the Laplace Transform and the Fourier
Transform. Within these techniques there are sub-categories and one of particular interest is
the Fast Fourier Transform or FFT. Within this sub-category, FFT, several specific
algorithms are available including, but not limited to, Cooley-Tukey FFT algorithm, Prime-
factor FFT algorithm, Bruun's FFT algorithm, Rader's FFT algorithm, and Bluestein's FFT
algorithm.  For the work described herein, any of the FFT algorithms, other Fourier
Transform algorithms, and any Laplace Transform algorithm is suitable. An example of a
frequency domain graph corresponding to the time domain graph in FIG. 28 is seen in FIG.

29.
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[00150] The frequency domain plot yields information that is useful in determining
the degree of normalcy of the gait cycle of a patient. Referring to FIG. 29, a first peak 202
indicates a stride point, and a second peak 204 indicates a step point. The peaks 202, 204
indicate the gait cycle. While all of the peaks have value and can represent different
portions of the gait cycle, the most important peaks are the step and stride. When analyzing
a normal gait cycle, these peaks are pronounced and as the gait cycle digresses into
abnormality these peaks decrease. FIGS. 29-32 illustrate four graphs of a diminishing gait
cycle going from normal to highly abnormal. These are the frequency domain graphs
transformed from the time domain data taken from a subject who was wearing an
accelerometer on the thigh. The subject was allowed to walk as normal in FIG. 28 but then
was subjected to artificially induced abnormal gait by progressively increasing pain on the
sole of the foot of the instrumented leg in FIGS. 30-32. In all of the FIGS. 29-32, frequency
remains on the abscissa and the amplitude remain in the ordinate.

[00151] Once the accelerometer data is captured, it is processed, then analyzed. To
this end, FIG. 33 illustrates a flowchart of the scenario for .the events leading to
accelerometer data capture and through data processing. The patient is injured in step 210.
Once the patient has been injured, he or she is transported to a treatment center (e.g.
hospital, or emergency room) in step 212. The injury is assessed in step 214. Once
evaluated, the decision is made to operate or not operate in step 216. If surgery is not
needed, the patient is processed in step 218. At step 227, a decision is made whether the
patient will receive a wearable device that includes an accelerometer. If not, the process
ends at step 220. The patient attempts to return to normal life in step 228. Optionally, the
patient may receive a follow-up in a clinic or other healthcare facility in step 230.
Thereafter, the patient returns to the clinic or other treatment facility for decisions 232, 234.

In decisions 232, 234, it is assessed whether the patient has healed and whether the patient
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is in fact healing. When the patient is healed, the process ends in step 248. Otherwise, the
patient returns to the clinic after a period of time at step 230. This follows the typical
process of bringing the patient back to the clinic at preset intervals based on type of injury,
occurrence of patient characteristics, and patient assessment utilizing current assessment
tools. As noted above, this process is inadequate as the patient care is usually conservative
in that the care giver typically reviews the patient’s testimonial, reviews the x-rays, and
manually manipulates the injured bone through the soft tissues. Many times this evaluation
provides little to no feedback as to the degree of healing (or lack thereof) that the patient has
gone through. Therefore, the care giver conservatively brings the patient back to the clinic
for future evaluation although the patient may have in fact healed. The result is a huge cost
thrust on to the health care system, government, and tax payer.

[00152] If the patient does need surgery, there is another decision whether the patient
requires orthopaedic surgery in step 222. If the patient does not need orthopaedic surgery,
the patient is processed in step 218. If the surgery is orthopaedic in nature, a decision is
made in step 224 whether the patient will receive a smart implant. If the patient does not
receive a smart implant, the patient receives a passive implant in step 226, and a decision is
made in step 227 whether the patient will receive a wearable device that includes an
accelerometer. If the patient does not receive a wearable device, the patient attempts to
return to life in step 228 and possibly receives follow-up in a clinic or other treatment
facility in step 230. Otherwise, the patient receives a wearable device in step 237 and
proceeds to step 238.

[00153] If decision 224 leads to the implantation of a smart implant, however, the
patient receives a smart implant in step 236. The patient attempts to return to normal life in
step 238. The patient receives follow-up in a clinic or other treatment facility in step 240.

In operation 242, data is retrieved from the smart implant or the wearable device and is
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assessed. In decision 244, the data is used to determine whether the patient has healed. If
the patient has not healed, there is a decision in step 246 to see whether the patient is
healing. If the patient is not healing, the patient returns to step 214 for injury assessment. If
the patient is healing, the patient returns to step 240 for further follow-up. This cycle
continues until it is decided in step 244 that the patient has healed, wherein the patient
proceeds to step 248 where the process ends. Because the assessment is based upon
objective evidence obtained with the smart implant or wearable device, the patient healing
status determination is much more reliable.

[00154]  Once the device is within wireless range or is otherwise tethered to a device
suitable to read the data, such as a computer, the data is retrieved from the device. This data
is global raw accelerometer output (acceleration) versus time. All of this raw data is
transformed from the time domain into the frequency domain in a manner described earlier.
Within the frequency domain the data is analyzed to determine if the characteristic gait
pattern exists in the form of peaks, Fstride and Fstep. If these harmonic peaks are not found,
the data is read again and the process repeats. If the peaks are present, the data is processed
(a simple summation of the harmonic functions, in this case sinusoidal) including other
characteristics of the gait cycle, such as harmonic function amplitude, Astride and Astep.
The mathematical representation of the overall gait cycle is then generated as shown in the

equation below:

n
f(t) = Z a;sino, 27 f,t+C

i=1
where n > 2 and is the number of harmonics found in the data, a; = the ith harmonic

amplitude (for example al = astride and a2 = astep), f; = the ith harmonic frequency, o; = the
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ith harmonic constant, and C = a constant. FIG. 34 illustrates an example simplified gait
plot superimposed over raw data.

[00155] From the two curves, a cross-correlation is computed to determine the
fitment of the regression curve. This is done on the global raw data set or performed on
discrete sections of the raw data. Once the cross-correlation is performed it is determined
whether the fitment is acceptable (correlation coefficient above an adaptive threshold) or
not. If the fitment is not acceptable, the process is repeated. If the cross-correlation is
performed on the global raw data set there might be a tendency to overlook and even omit
pertinent discrete data sets. It is therefore recommended, but not required, that discrete data
sets over a prescribed time frame be analyzed for fitment. If the discrete data set proves to
not meet the fitment criteria the data set is labeled as a non-gait cycle and stored for
reference. Conversely, if the discrete data set proves to not meet the fitment criteria the data
set is labeled as a gait cycle and further processed. This discrete data set is stored, again
undergoes a transform into the frequency domain, and is further analyzed to determine
healing status of the patient.

[00156] Once the level of patient healing is discovered, the healthcare provider can
decide the treatment regime for the patient. If the patient is healed, the healthcare provider
could opt to dismiss the patient forever or follow-up in several months. If the patient has
not healed but is healing, a follow-up appointment may be made based on that particular
patient’s recovery rate. If the patient has not healed and is not showing signs of healing, the
healthcare provider could opt to intervene surgically or otherwise to promote patient healing.

[00157] FIG. 35 illustrates steps to implement gait analysis. A person, such as a
doctor or healthcare provider, begins at step 310. In step 312, the person reads the data from
the patient. For example, the patient may have an active telemetric orthopaedic that

continuously measures data as the patient ambulates. In the case of an intramedullary nail as
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an example, the acceleration of the implant is recorded as the patient ambulates. The
surgeon or other healthcare provider may download the data from the implant or control unit
in a clinical setting. After the data is downloaded, it is processed in step 314 to convert the
data from the time domain to the frequency domain. This allows the doctor, healthcare
provider, or software to look for biometric markers or patterns.

[00158] Because data is continuously monitored, extraneous data is also downloaded
in step 312. For example, data may be recorded when the patient is sitting. In optional step
316, a decision is used to look for peak stride and peak step data within the global
download. By utilizing the decision 316, it is ensured that gait information is present in the
global data. If gait information is not present, the doctor or healthcare provider returns to
step 312 at another time to retrieve global data.

[00159] In step 318 to 332, the gait information is extracted and placed into groups
for analysis. In this way, it is ensured that the doctor or healthcare provider is looking at how
the gait changes from one group to the next. For example, the first group of gait information
may be from a first time period and the second group of gait information may be from a
second time period.

[00160] 1In step 318, stride amplitude, step amplitude, stride frequency, and step
frequency is estimated. In step 320, a simplified single gait cycle group is generated. The
global data is broken down and correlated to the simplified single gait cycle group in step
322. The data is processed iteratively in step 324. In step 326, a decision is made whether
the correlation is above an adaptive threshold. If so, the correlated cycle is identified as a
gait group in step 330. If not, the cycle is determined to be non-gait data in step 328, the data
is stored in step 329, and the process ends at step 331. The data is processed iteratively until

all the data is analyzed as being gait data or non-gait data in step 332. Once the gait cycles
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are identified, the gait cycles group are processed in step 334, the data is stored in step 335,
the data is analyzed for healing in step 336, and the process completes in step 337.

[00161] Alternatively, gait data may be collected and analyzed at the hospital or
healthcare facility. In other words, the patient ambulates and data is recorded in the presence
of a doctor or healthcare provider. However, this type of data collection does not allow for
analysis over long periods of time. Moreover, this type of data collection does not allow for
measurement of patient compliance because a patient is more likely to be non-compliant
when outside of the hospital or healthcare facility and compliant when in the presence of the
doctor or healthcare provider. However, gait data taken at discrete periods of time still
provides an indication whether or not a fracture is progressing to a union condition.

[00162]  Although typically the data is processed outside of the smart device, in some
embodiments the data is processed within the smart device and the device outputs the
patient healing status. This may be desirable due to data storage constraints. Another
output option is a recommendation as to the future of the patient. The device output may be,
as examples, “patient should return to the clinic for follow-up in two weeks” or “patient has
healed and it is safe to dismiss the patient.”

[00163] There are several methods of using the data, raw or processed, to help
determine the level of healing the patient has undergone. One method is to measure the area
under the previously discussed peaks of interest of the area under the global raw data set
curve, discrete data set curves, and or the simplified gait curve. These are all indicators of
the amount of energy required for those curves to exist. While relative, comparing the total
energy to an empirical threshold offers information as to the state of the patient’s healing.
Further, the statistical measure quadratic mean or root mean square (RMS) also may be used
to determine the level of patient healing. In using this tool, a single figure metric of gait

normalcy is derived to enable simple comparisons with past and future data obtained from
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the same patient. This, in turn, enables trend information to be compiled which highlights
the patient’s progress as a function of time and also enables comparisons with typical trends.
Patient healing is inferred from this comparison with typical trend data, in terms of both rate
and profile. As an example, the surgeon is provided a “healing number” from 1 to 100, 100
being totally healed. For instance, a patient enters the clinic for evaluation, the surgeon
speaks with the patient, reviews the relevant images (for example, CT scans), and reads the
smart device. The output to the surgeon is the number 70 indicating to the surgeon that the
patient is 70% healed. The surgeon compares that number to the number obtained from the
previous visit to the clinic (in this case the number was 50%) to ensure the patient is
progressing toward healing. Had the number associated with that patient plateau with
respect to time below some relevant threshold, the surgeon then assesses the situation to
decide the course of action relating to that patient. This may include surgical intervention,
drug therapy, and/or not intervening in any manner.

[00164] FIG. 36 illustrates the healing number registry concept. The patient enters
the clinic in step 400. In step 410, a decision is made whether the data can be read
automatically from the smart implant or wearable sensor. If so, the data is automatically
retrieved in operation 412. If not, a user, such as a health care facility staff member,
downloads the data in step 414. The data number is processed and the healing number is
calculated in step 416. Steps 418, 420 and 422 are optional steps. In step 418, the data is
sent to a large scale registry. The registry is initially created using clinical studies, but it is
desirable to update the registry with additional values as recorded to more accurately
estimate a threshold value. The data is reviewed and compared with other patient data in
step 420. A threshold healing number is defined based on the registry in step 422. Initially,
the threshold healing number is defined through the use of clinical data. Concurrently with

step 418, the healing number is conveyed to a user, such as a health care facility staff
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member, in step 424. A decision whether the healing number is greater than a threshold
value is made in step 426. If the healing number is greater, then the patient is dismissed
from follow-up care in step 428, and the process ends in step 430. If the healing number is
less than or equal to the threshold, then a decision is made in step 432 whether compared to
the previous visit if the healing number is increasing. If so, then the patient is scheduled for
follow-up in step 434 and the process returns to step 410. If not, then the injury must be
reassessed in step 436. FIG. 33 illustrates the process flow for injury assessment.

[00165] The threshold value is empirically driven from a database of patients as time
progresses. The patients have the data read from their device, the healing number is \
calculated, and the healing number then given to the healthcare provider as well as a
database. Currently, osteoporosis designation is driven in a similar manner. Osteoporosis is
a clinical designation of advanced osteopenia in which the skeletal system is at a reduced
state of bone mineral density (BMD). The bone microarchitecture has been altered in a
negative manner, and there is an unhealthy level of a variety of non-collagenous proteins.
The World Health Organization (WHO) has set the specification for the osteoporosis
designation as a person's bone mineral density being 2.5 standard deviations under the peak
bone mass of a set standard. The current set standard is the peak bone mass of a 20 year old
person. The determination of the bone mineral density of a person is by using dual energy
x-ray absorptiometry (DXA or DEXA). Further, a person can be designated with
osteoporosis if the suffer a fragility fracture which indicates brittle bone and hence advanced
osteopenia.

[00166] In other embodiments, the invention is adapted to fit within the total joint
arthroplasty (TJA) realm of orthopaedics. One of the most significant differences in a TJA
surgery versus traumatic orthopaedic surgery is the planning of the surgery. In TJA surgery,

surgical planning with regard to the patient could be years in advance whereas time
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preparing for a trauma surgery might be as little as a few minutes. Another difference is
found in the clinical follow-up of the patient. For TJA, the clinician is looking to ensure the
bone is not subsiding from the implant and the implant is not loosening.

[00167] An accelerometer may be worn or implanted into a patient receiving a TJA to
help further analyze the patient’s status in the clinic follow-up. Instead of a healing number,
the data analysis output is a “fixation number.” A large issue within the realm of large scale
TJA is implant loosening whether it aseptic or sepsis related. The fixation number provides
the clinical staff input as to whether or not the implant is loosening in hopes of correcting
the problem in its early stages or eliminating the problem altogether.

[00168] FIG. 37 illustrates the process of retrieving data in total joint arthroplasty. In
step 500, the patient is diagnosed with needing total joint arthroplasty. The patient enters
into surgery in step 510. In step 512, a decision is made whether a smart implant or a
passive implant is installed in the patient. The patient receives a smart implant in step 514,
and the patient attempts to return to normal life in step 516. The patient attends a follow-up
appointment at a clinic or healthcare facility in step 518. In step 520, a decision is made
whether the clinician is satisfied with the follow-up. If not, the patient returns to step 518.
If so, the process ends in step 522. Alternatively, the patient receives a smart implant in step
524. The patient attempts to return to normal life in step 526. The patient attends a follow-
up in a clinic or healthcare facility in step 528. In step 530, patient data is retrieved and
assessed from the smart implant. In step 532, a decision is made whether the clinician is
satisfied with the follow-up. If not, the patient returns to step 528. If so, the process ends at
step 522.

[00169] Another application of the concept is small bone healing status monitoring.
All other things remaining equal to that of the clinical follow-up for a lower extremity long

bone fracture, within the clinic a predefined simple task is performed by the patient while
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data is being generated. The data is then processed and compared to a small bone healing
number (SBHN). Further, the task may be performed on a scheduled basis outside of the
clinic and during the clinic follow-up the data analyzed. For example, a patient having a
broken humerus receives a smart nail inserted in an antegrade fashion. The patient is told to
perform bicep building exercises daily in a predefined fashion in that the arm is supported in
a certain manner and the amount of weight used for the exercise does not change with
respect to time. The data is then processed after being downloaded at the clinic where the
SBHN is presented to the clinical staff.

[00170] FIG. 38 illustrates a flowchart the process for obtaining and assessing patient
data in a small bone application. The patient receives a small bone injury in step 600. The
patient is transported to a treatment center in step 610. The injury is assessed in step 612. A
decision is made in step 614 whether the injured needs surgery. If not, the injury is
processed in step 616, and a decision is made at step 625 whether the patient will be
provided with a wearable device that includes an accelerometer. If the patient is not fitted
with a wearable device, the process ends at step 618. The patient attempts to return to
normal life in step 626. Optionally, the patient attends a follow-up appointment at step 628.
In step 630, a decision is made whether the patient has healed. If not, the injury is assessed
to inquire whether the patient is in fact healing in step 632. If not, the patient returns to step
612. If the injury is healing, the patient returns to step 628. When the patient has healed,
the process ends at step 634.

[00171] Tf the patient does need surgery at step 614, another decision is made in step
620 whether the surgery is orthopaedic in nature. If not, the patient proceeds to step 616. If
the patient does require orthopaedic surgery, a decision is made in step 622 whether the
patient will receive a smart implant. If not, the patient receives a passive implant in step 624.

The patient then proceeds to step 625, where a decision is made whether the patient will
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receive a wearable device that includes an accelerometer. If not, the patient proceeds to step
626 and possibly step 628. Otherwise, the patient receives a wearable device in step 637
and attempts to return to normal life in step 638.

[00172] Alternatively, the patient receives a smart implant at step 636 and attempts to
return to normal life at step 638. The patient attends a follow-up appointment at a clinic or
healthcare facility in step 640. In step 642, data from the smart implant or wearable device
is retrieved and assessed. In step 644, a decision is made whether the injury has healed. If
not, a decision is made whether the injury is in fact healing in step 646. If so, the patient
attends a follow-up appointment in step 640. If the injury is not healing, the patient returns
to step 612 for further evaluation. If the patient has healed, however, then the process ends
at step 634.

[00173]  Other problems are implant loosening and de-stabilization which impose risk
to the patient and are of great cost to the healthcare system. There are many sources of both
implant loosening (aseptic loosening, bone subsidence, etc.) and implant de-stabilization
(bone subsidence, poor fixation purchase, etc.). Another source is inadequate operative
stabilization. Therefore, if intra-operative stability is determinable, the risk and cost
associated with loosening and de-stabilization could be reduced.

[00174] FIG. 39 illustrates a flowchart for determining intraoperative implant
stability. In step 700, it is determined that the patient needs an implant to help facilitate
healing. A decision is made in step 710 whether the patient will receive a smart implant. If
not, the patient receives a passive implant in step 712. The patient attends one or more
follow-up appointments in step 714, and the process ends in step 716. Alternatively, the
patient receives a smart implant, such as one containing a strain sensing element, an
accelerometer, a gyroscope, or a MEMs device, in step 718. The implant is fixed within, on,

or near the injured body part (e.g., bone cement or transfixion elements, such as screws) in
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step 720. The implant is then queried (wired or wirelessly) while the body part undergoes a
testing protocol, such as repeated flexion and extension of the knee, after the implant has
been secured in place in steps 722 and 724. The raw data or processed data from the query
is given to the surgical staff in the form of a stability number in step 726. In step 728, the
staff member then decides if the implant is secure. If the stability is not satisfactory, the
staff can return to step 720 to improve the fixation of the implant and repeat the query and
analysis until the stability is satisfactory. If the stability is satisfactory, the remaining steps
of the surgery take place and the patient follow up with the clinical staff in the future. The
process ends at step 732.

[00175] In some embodiments, a patient receives a wireless instrumented joint
reconstruction product. The electromechanical system within the implant is used to monitor
patient recovery using one or more sensors, and make a decision as to whether any
intervention is required in the patient’s rehabilitation. The telemetrized joint replacement
continuously measures a complete set of accelerometer values generated in the implant and
transmits them from the patient to a laboratory computer system without disturbing the
primary function of the implant. Alternatively, a wired system is utilized in the form of a
wearable device external to the patient. Again, the electromechanical system is used to
monitor various aspects of the patient’s recovery.

[00176] The technology associated with the instrumentation procedure also could be
adapted to monitor soft tissue repair (e.g., skin muscle, tendons, ligaments, cartilage, etc.)
and the repair and monitoring of internal organs (kidney’s, liver, stomach, lungs, heart, etc)

[00177]  The sensed data is processed as described herein to provide the clinician with

the following information to better help the patient.
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(a) Measure the maximum strain in the implant during the entire fracture healing period
(from 8 weeks to 3 months depending on whether union or non-union fracture healing
occurs)

(b) Monitor the healing status of the implant for the entire lifetime of the patient to look
for any changes in bone physiology, which may occur through disease or trauma, that may
influence the performance of the implant.

(c) Estimate the load component in the healing bone by subtracting the implant load
from the total load measured in the operated limb.

(d) Measure the stiffness (strain rate) required for various activity levels in patients of
different weights.

(e) Estimate the degree of healing from the early time points to enable the Surgeon to act
promptly in the event that non-union or delayed union is detected.

@ The ability to actively modify the stiffness of a partially resorbable implant to
encourage the bone to carry more load if the algorithm detects that the bone is not healing
properly.

[00178] FIG. 40 illustrates a system 800 for processing accelerometer data. The
system 300 includes an accelerometer 806, a first processor 810, a power supply 816, and a
second processor 804. The accelerometer 806 is used to measure a physiological
acceleration parameter of a subject 802. As examples, the accelerometer and the first
processor may be located within a medical implant implanted within the subject or located
within a wearable device operatively connected to the subject. .The first processor 810 is
operatively connected to the accelerometer 806, and the first processor 810 is configured to
receive the acceleration parameter from the accelerometer 806 and configured to output
machine readable acceleration data. In some embodiments, the accelerometer 806 and the

first processor 810 comprise a single unit. The machine readable acceleration data includes,



10

15

20

WO 2008/103181 PCT/US2007/062757

52

among other things, time domain accelerometer data. The power supply 816 is electrically
connected to the first processor 810. The second processor 804 is configured to receive the
machine readable acceleration data and transform the time domain accelerometer data into
frequency domain accelerometer data. The second processor 816 receives the machine
readable acceleration data from the first processor either by wire or wirelessly. Thereafter,
the frequency domain accelerometer data can be used to decide whether the subject is
progressing in healing status or if in fact the subject has healed.

[00179] In some embodiments, the system 800 includes an antenna 812. The antenna
812 may be electrically connected to the first processor or to the accelerometer. The antenna
812 may be used to transmit the acceleration data. Additionally, the antenna may form an
inductive coupling element used to power the first processor and the accelerometer. The
antenna and the first processor may form a single component. Alternatively, the antenna and
the power supply may form one component.

[00180] In some embodiments, the first processor and the second processor are
incorporated into a single unit. In the depicted embodiment, however, the first processor
and the second processor are separate components. In FIG. 40, the second processor 804 is
part of a remote processing system 820. The remote processing system 820 may include a
reader 818. The reader 818 may be used to receive the machine readable data from the first
processor 810. The remote processing system 820 may include a display unit and/or a sound
generating unit. After the frequency domain data is analyzed, the display unit or the sound
generating unit may be used to inform a user of the subject’s healing status or whether the
subject has progressed in healing.

[00181] The first processor or the second processor may form part of a computer

assisted surgery system. Alternatively, the first processor or the second processor may be
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electrically connected to the computer assisted surgery system for the communication of
data.

[00182] Numerous possibilities are available for powering the system 800 or portions
thereof. As examples, the power supply may be a capacitor, an inductive coupling, a
battery, a mechanically driven power generation unit, a piezoelectric device, or an energy
scavenging device. In some embodiments, the first processor and the accelerometer are
powered by one or more of a capacitor, an inductive coupling, a battery, a mechanically
driven power generation unit, a piezoelectric device, or an energy scavenging device. In yet
other embodiments, the machine readable acceleration data, the time domain acceleration
data, the frequency domain acceleration data, or combinations thereof are communicated
under power from one or more of a capacitor, an inductive coupling, a battery, a
mechanically driven power generation unit, a piezoelectric device, and an energy scavenging
device.

CONCLUSION

[00183] Although the depicted embodiments concentrate on the function of an
instrumented intramedullary nail designed specifically for bone healing, alternative
embodiments include incorporation of the sensor and other electronic components within
other implantable trauma products, such as a plate, a bone screw, a cannulated screw, a pin,
a rod, a staple and a cable. Further, the instrumentation described herein is extendable to
Joint replacement implants, such a total knee replacements (TKR) and total hip replacements
(THR), dental implants, and craniomaxillofacial implants.

[00184] A patient receives a wireless instrumented joint reconstruction product. The
electromechanical system within the implant may be used to monitor patient recovery using
one or more sensors, and make a decision as to whether any intervention is required in the

patient’s rehabilitation. The telemetric joint replacement continuously measures a complete
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set of strain values generated in the implant and transmits them from the patient to a
laboratory computer system without disturbing the primary function of the implant.
Alternatively, a wired system may be utilized in the form of a wearable device external to
the patient. Again, the electromechanical system could be designed to monitor various
aspects of the patient’s recovery.

[00185] The wireless technology may be introduced into dental implants to enable
early detection of implant overloading. Overloading occurs when prolonged excessive
occlusal forces applied to the implant exceeded the ability of the bone-implant interface to
withstand and adapt to these forces, leading to fibrous replacement at the implant interface,
termed “osseodisintegration,” and ultimately to implant failure. Again, a communication
link may be used to selectively access the strain data in the memory from an external source.

[00186] The technology associated with the instrumentation procedure also may be
adapted to monitor soft tissue repair (e.g. skin muscle, tendons, ligaments, cartilage etc.) and
the repair and monitoring of internal organs (kidney’s, liver, stomach, lungs, heart, etc.).

[00187] The invention includes a system for processing accelerometer data. The system
includes an accelerometer, a first processor, a power supply, and a second processor. The
accelerometer measures a physiological acceleration parameter. The accelerometer data may
be processed and analyzed to determine whether the subject is progressing towards a healed
state or if in fact the subject has healed.

[00188] The invention includes a first embodiment of a method for determining the
healing progression status of a subject. The method includes the steps of: (a) collecting
accelerometer data through use of an accelerometer operatively connected to the subject; (b)
retrieving the collected accelerometer data, the accelerometer data having a time domain
component; (c) transforming the time domain accelerometer data into frequency domain

accelerometer data; and (d) analyzing the frequency domain accelerometer data for healing
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progression of the subject. Optional steps may include wirelessly conveying accelerometer
data to a remote processing system and communicating the analysis of the data to a user. In
general, the accelerometer data is taken while the subject is undergoing a predefined task.
For example, the predefined task may be ambulation. The predefined task may be
performed preoperatively, intraoperatively, or postoperatively. For the intraoperative step,
the subject may be assisted by a surgeon or other medical professional to perform the
predefined task.

[00189] The invention includes a second embodiment for determining the healing
progression status of a subject. The method includes the steps of: (a) attaching an
accelerometer to a subject; (b) collecting accelerometer data through use of the
accelerometer; and (c) analyzing the accelerometer data to determine if the subject has
progressed in healing status. The step of attaching an accelerometer to a subject includes
installing a smart implant in the subject. As examples, the smart implant may be a bone plate,
a bone screw, a bone peg, a bone staple, an intramedullary nail, an intramedullary nail cap, an
intramedullary nail/plate, an interference screw, a hip replacement stem, a hip replacement
femoral neck, a hip replacement femoral head, a hip replacement acetabular liner, a hip
replacement acetabular shell, a knee replacement tibial tray, a knee replacement tibial tray
liner, a knee replacement femoral component, a knee replacement tibial tray shaft extension, a
knee replacement patellar implants, a knee replacement wedges, a trochlear groove implant, a
femoral canal restrictor, a shoulder replacement humeral stems, a shoulder replacement
glenoid component, a shoulder replacement humeral head, an elbow replacement humeral
component, an elbow replacement radial component, an elbow replacement ulnar component,
an ankle replacement tibial component, or an ankle replacement talar component.

[00190] Alternatively, the step of attaching an accelerometer to a subject may include

attaching a wearable device to the subject. As examples, the wearable device may be worn
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on a thigh, a distal femur, a proximal tibia, a distal tibia, an arm, a waist, a head, a wrist, a
chest, embedded within a shoe, on a shoe, on a cast, or on a brace

[00191] The advantage of the invention over the prior art concerns the incorporation
of the components within the fixation device in a manner that protects the components,
provides an accurate and stable connection between the sensor and its environment,
maintains the functionality of the implant itself, and is suitable for large scale manufacture.
The device allows for information to be gathered and processed yielding useful clinical data
with respect to a patient’s bone bealing cascade.

[00192] The instrumented device removes the guessing from the conventional
diagnostic techniques, such as x-ray, CT and MRI imaging, by providing the patient
objective quantitative data collected from them through the healing process. Currently, there
is no device which quantifies the skeletal loads encountered during fracture healing, as well
as during different patient and physiotherapy activities. Furthermore, the load distribution
between the implant and the adjacent bone during fracture healing is also unknown. Such
data help to optimize postoperative protocols for improved fracture healing. The device
described herein addresses this by having on board sensors and a memory facility enabling
patient data to be stored thus allowing for early transmission of data. This data includes
patient history and patient activity. The device also enables early intervention by the
surgeon, if required, such as administration of drugs, injection of orthobiologics, cements or
demineralized bone matrix to help promote/accelerate bone healing or a revision surgery.

[00193] The device described herein is an instrumented intramedullary (IM) nail or
wearable device with the capacity to provide an accurate measurement of the changes in
acceleration of the nail or body part of the patient. In the instrumented nail scenario, the
device consists of sensors and associated electronic components located in machined

cavities on the outer surface of the nail. The hermetically sealed housing described in the
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present invention has been described previously. Incorporation of sensors and other
electronic components within an implantable medical device such as an intramedullary nail
alters its primary function from a passive (load-supporting device) to a smart “intelligent”
system with the ability to record and monitor patient activity and compliance. Similarly, the
wearable device consists of sensors and associated electronic components and is worn
preferably on the injured limb, for example the thigh corresponding to a tibia fracture on the
same side of the patient’s body.

[00194] In view of the foregoing, it will be seen that the several advantages of the
invention are achieved and attained.

[00195] The embodiments were chosen and described in order to best explain the
principles of the invention and its practical application to thereby enable others skilled in the
art to best ufilize the invention in various embodiments and with various modifications as are
suited to the particular use contemplated.

[00196]  As various modifications could be made in the constructions and methods
herein described and illustrated without departing from the scope of the invention, it is
intended that all matter contained in the foregoing description or shown in the accompanying
drawings shall be interpreted as illustrative rather than limiting. Thus, the breadth and scope
of the present invention should not be limited by any of the above-described exemplary
embodiments, but should be defined only in accordance with the following claims appended

hereto and their equivalents.
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What is Claimed Is:

1. A system for processing accelerometer data, the system comprising:

a. an accelerometer for measuring a physiological acceleration parameter;

b. afirst processor operatively connected to the accelerometer, the first processor
configured to receive the acceleration parameter from the accelerometer and
configured to output machine readable acceleration data, the machine readable
acceleration data comprising time domain accelerometer data;

¢. apower supply electrically connected to the first processor; and

d. a second processor configured to receive the machine readable acceleration
data and transform the time domain accelerometer data into frequency domain
accelerometer data.

The system according to claim 1, wherein the accelerometer and the first processor
are located within a medical implant.

The system according to claim 1, wherein the accelerometer and the first processor
are located within a wearable device.

The system according to any of claims 1-3, wherein an antenna is operatively
connected to the first processor and the antenna is configured to transmit the
acceleration data.

The system according to any of claims 1-4, wherein the first processor and the second
Pprocessor comprise one unit.

The system according to any of claims 1-5, wherein the accelerometer and the first
processor comprise one unit.

The system according to any of claims 1-6, wherein the antenna and the power supply
comprise one unit.

The system according to any of claims 1-7, further comprising a reader for retrieving
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accelerometer data.

The system according to any of claims 1-8, wherein at least one of the first processor
and the second processor is part of a computer assisted surgery system.

The system according to any of claims 1-3, wherein the antenna used to transmit the
accelerometer data is also the inductive coupling element used to power the first
processor and the accelerometer.

The system according to any of claims 1-3, wherein the power supply includes at least
one of a capacitor, an inductive coupling, a battery, a mechanically driven power
generation unit, a piezoelectric device, and an energy scavenging device.

The system according to any of claims 1-3, wherein the first processor and
accelerometer are powered by at least one of a capacitor, an inductive coupling, a
battery, a mechanically driven power generation unit, a piezoelectric device, and an
energy scavenging device.

The system according to any of claims 1-3, wherein at least one of the machine
readable acceleration data, the time domain acceleration data, and the frequency
domain acceleration data is communicated under power from at least one of a
capacitor, an inductive coupling, a battery, a mechanically driven power generation
unit, a piezoelectric device, and an energy scavenging device.

The system according to any of claims 1-3, wherein the second processor is part of a
remote processing system.

The system according to claim 14, wherein the remote processing system includes at

least one of a display unit and a sound generating unit.
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