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(57) Abstract: The present disclosure provides methods of identifying a loosened joint implant by
analyzing acoustic emissions from the implant. The present disclosure further provides apparatuses
for measuring acoustic data and analyzing acoustic emissions from a joint implant.
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IMPLANT EVALUATION USING ACOUSTIC EMISSIONS

CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims the benefit of U.S. Provisional Application No. 62/593,210,

which was filed November 30, 2017, the entirety of which is incorporated herein by reference.
FIELD

[0002] The present disclosure provides methods of identifying a loosened joint implant by
analyzing acoustic emissions from the implant. The present disclosure further provides
apparatuses for measuring acoustic data and analyzing acoustic emissions from a joint

implant.
BACKGROUND

[0003] Total knee arthroplasty (TKA) has become a routine and successful surgical
procedure. Over 95 percent of total knee replacements in the United States are performed for
osteoarthritis. As of 2010, over 600,000 total knee replacements were being performed
annually in the United States. The number of total knee replacements performed annually in
the United States is expected to grow by 673 percent to 3.48 million procedures by 2030.
[0004] Failure of TKAs is considered as two groups. Problems within the first two years are
considered early failures and typically a patient will have problems starting shortly after the
surgery. Failures that occur after two years are considered late failures. The top three causes
of failure are (1) infection, (2) instability, and (3) aseptic loosening. Infection can be detected
by testing blood or fluid extracted from the joint region. Instability can be diagnosed by
evaluation of gait and movement of the joint. The best current practice for diagnosing
loosening is identification of a gap between the bone and implant on an x-ray image, which is
considered definitive only after 30% of the bone around the implant has been lost. The cost
and risk of revision surgery to correct a failed implant rises significantly as the damage

becomes more advanced.

SUMMARY

[0005] In an aspect, the present disclosure provides for, and includes, a method of
identifying a loosened implant in a joint, the method comprising the steps of: positioning a

plurality of acoustic sensors at a respective plurality of locations around the joint, causing the
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joint to be moved, receiving signals from the acoustic sensors during the movement of the
joint, identifying signals from two or more of the plurality of acoustic sensors that correspond
to a common acoustic event, identifying a position of the acoustic event within the joint, and
providing a health indication related to the joint.

[0006] In an aspect, the present disclosure provides for, and includes, a method of identifying
a position comprising: calculating a first time delay between a first time of receipt of a first
signal from a first acoustic sensor of the plurality of acoustic sensors and a second time of
receipt of a second signal from a second acoustic sensor of the plurality of acoustic sensors,
and calculating a first geometric surface of possible locations of the acoustic event from the
first time delay. In one aspect, a method of identifying a position further comprises:
calculating a second time delay between the first time of receipt and a third time of receipt of
a third signal from a third acoustic sensor of the plurality of acoustic sensors, calculating a
second geometric surface of possible locations of the acoustic event from the second time
delay, and determining a line of intersection of the first and second geometric surfaces. In an
aspect, a method of identifying a position further comprises determining where the first
geometric surface intersects the implant.

[0007] In an aspect, the present disclosure provides for, and includes, a method of identifying
a position comprising: calculating a first magnitude difference between a first signal
amplitude of a first signal from a first acoustic sensor of the plurality of acoustic sensors and
a second signal magnitude of a second signal from a second acoustic sensor of the plurality of
acoustic sensors, and calculating a first geometric surface of possible locations of the acoustic
event from the first amplitude difference. In one aspect, a method of identifying a position
further comprises adjusting the first time delay according to predetermined speeds of signal
propagation within each of the one or more types of tissue and the signal paths.

[0008] In an aspect, the present disclosure provides for, and includes, a method of calculating
a first time delay comprising: identifying one or more types of tissue between the implant
and the first acoustic sensor, identifying one or more signal paths from the implant to the first
acoustic sensor, and adjusting the first time delay according to predetermined speeds of signal
propagation within each of the one or more types of tissue and the signal paths.

[0009] In an aspect, the present disclosure provides for, and includes, a method of identifying
a loosened implant in a joint, comprising the steps of: positioning an acoustic sensor at a
location proximate to the joint, causing the joint to be moved, receiving a signal from the

acoustic sensor during the movement of the joint, analyzing the signal to identify an attribute
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that is associated with a state of joint health, and providing a health indication related to the
joint,

[0010] In one aspect, the present disclosure provides for, and includes, a method of analyzing
a signal comprising calculating a rise time and a magnitude from the signal, comparing the
rise time to a first threshold and the magnitude to a second threshold, and determining that
the signal is indicative of a loose implant when the rise time exceeds the first threshold and
the magnitude exceeds the second threshold. In an aspect, methods of analyzing a signal in
the present disclosure are performed only when the signal comprises a primary frequency
within a predetermined band.

[0011] In an aspect, the present disclosure provides for, and includes, a method of analyzing
a signal comprising calculating a power spectral density (PSD) of the signal, calculating a
first partial power of the PSD within a predetermined first frequency band, comparing the
first partial power to a first threshold, and determining that the signal is indicative of a loose
implant when the first partial power exceeds the first threshold.

[0012] In an aspect, the present disclosure provides for, and includes, a method of analyzing
a signal comprising calculating a power spectral density (PSD) of the signal, calculating a
first partial power of the PSD within a predetermined first frequency band, calculating a
second partial power of the PSD within a predetermined second frequency band, and
comparing the first partial power to the second partial power. In one aspect, a comparison of
the first partial power to the second partial power comprises calculating a ratio of the first
partial power to the second partial power, and determining that the signal is indicative of a
loose implant when the ratio exceeds a threshold. In an aspect, a comparison of the first
partial power to the second partial power comprises calculating a difference between the first
partial power and the second partial power, and determining that the signal is indicative of a
loose implant is loose when the difference exceeds a threshold.

[0013] In an aspect, the present disclosure provides for, and includes, a method of analyzing
a signal comprising calculating a power spectral density (PSD) of the signal, calculating a
first maximum value of the PSD within a predetermined first frequency band, calculating a
second maximum value of the PSD within a predetermined second frequency band, and
comparing the first maximum value to the second maximum value.

[0014] In an aspect, the present disclosure provides for, and includes, a method of providing
a health indication related to the joint comprising evaluating the total number of acoustic

events indicative of a loose implant to determine a diagnostic indication of a loose implant.
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[0015] In an aspect, the present disclosure provides for, and includes, an apparatus for
identifying a loosened implant in a joint, the apparatus comprising the steps of: a plurality of
acoustic sensors configured to be placed in contact with a patient’s skin at a respective
plurality of locations around the joint, a processor configured to receive signals from the
acoustic sensors during the movement of the joint, where the processor is configured to:
identify signals from two or more of the plurality of acoustic sensors that correspond to a
common acoustic event, compare an attribute of the signals, identify a position of the acoustic

event within the joint, and provide a health indication related to the joint.

BRIEF DESCRIPTION OF THE DRAWINGS

[0016] Aspects of the disclosure are herein described, by way of example only, with
reference to the accompanying drawings. With specific reference now to the drawings in
detail, it is stressed that the particulars shown are by way of example and are for purposes of
illustrative discussion of aspects of the disclosure. In this regard, the description and the
drawings, considered alone and together, make apparent to those skilled in the art how
aspects of the disclosure may be practiced.

[0017] Figures 1A and 1B are front and rear views of a patient’s legs while the right leg is
being evaluated for loosening, in accordance with the present disclosure.

[0018] Figure 1C depicts an example sensor assembly, in accordance with the present
disclosure.

[0019] Figure 1D is a front partial view of a patient’s leg while being evaluated for loosening,
in accordance with the present disclosure.

[0020] Figure 1E depicts another example sensor assembly, in accordance with the present
disclosure.

[0021] Figure 2 depicts an implant assessment system, in accordance with the present
disclosure.

[0022] Figure 3 is an illustration of a knee with an implant and acoustic sensors, in
accordance with the present disclosure.

[0023] Figures 4A and 4B are plots of the signals from two spatially separated acoustic
sensors, in accordance with the present disclosure.

[0024] Figure SA depicts attributes of a representative acoustic signal, in accordance with the
present disclosure.

[0025] Figure 5B depicts a threshold for analysis of the acoustic signal of Figure SA, in

accordance with the present disclosure.
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[0026] Figure 6 depicts a method of detecting loosening of an implant by an increase in the
magnitude of a resonant frequency, in accordance with the present disclosure.

[0027] Figure 7 depicts a method of detecting loosening of an implant by evaluation of the
partial powers of frequency windows, in accordance with the present disclosure.

[0028] Figures 8A and 8B are plots of the signals from an acoustic sensor on two patients, in
accordance with the present disclosure.

[0029] Figures 8C and 8D are plots of the Power Spectral Densities (PSDs) of the signals of

Figures 8A and 8B, respectively, in accordance with the present disclosure.

DETAILED DESCRIPTION

[0030] This description is not intended to be a detailed catalog of all the different ways in
which the disclosure may be implemented, or all the features that may be added to the instant
disclosure. For example, features illustrated with respect to one embodiment may be
incorporated into other embodiments, and features illustrated with respect to a particular
embodiment may be deleted from that embodiment. Thus, the disclosure contemplates that in
some embodiments of the disclosure, any feature or combination of features set forth herein
can be excluded or omitted. In addition, numerous variations and additions to the various
embodiments suggested herein will be apparent to those skilled in the art in light of the
instant disclosure, which do not depart from the instant disclosure. In other instances,
well-known structures, interfaces, and processes have not been shown in detail in order not to
unnecessarily obscure the invention. It is intended that no part of this specification be
construed to effect a disavowal of any part of the full scope of the invention. Hence, the
following descriptions are intended to illustrate some particular embodiments of the
disclosure, and not to exhaustively specify all permutations, combinations, and variations
thereof.

[0031] Unless otherwise defined, all technical and scientific terms used herein have the same
meaning as commonly understood by one of ordinary skill in the art to which this disclosure
belongs. The terminology used in the description of the disclosure herein is for the purpose
of describing particular aspects or embodiments only and is not intended to be limiting of the
disclosure.

[0032] All publications, patent applications, patents and other references cited herein are
incorporated by reference in their entireties for the teachings relevant to the sentence and/or
paragraph in which the reference is presented. References to techniques employed herein are

intended to refer to the techniques as commonly understood in the art, including variations on



10

15

20

25

30

WO 2019/108966 PCT/US2018/063361

those techniques or substitutions of equivalent techniques that would be apparent to one of
skill in the art.

[0033] Unless the context indicates otherwise, it is specifically intended that the various
features of the disclosure described herein can be used in any combination. Moreover, the
present disclosure also contemplates that in some embodiments of the disclosure, any feature
or combination of features set forth herein can be excluded or omitted.

[0034] The methods disclosed herein include and comprise one or more steps or actions for
achieving the described method. The method steps and/or actions may be interchanged with
one another without departing from the scope of the present disclosure. In other words,
unless a specific order of steps or actions is required for proper operation of the embodiment,
the order and/or use of specific steps and/or actions may be modified without departing from
the scope of the present disclosure.

[0035] As used in the description of the disclosure and the appended claims, the singular
forms “a,” “an,” and “the” are intended to include the plural forms as well, unless the context
clearly indicates otherwise.

[0036] As used herein, “and/or” refers to and encompasses any and all possible combinations
of one or more of the associated listed items, as well as the lack of combinations when
interpreted in the alternative (“or”

[0037] The terms “about” and “approximately” as used herein when referring to a measurable
value such as a length, a frequency, or an acoustic measurement and the like, is meant to
encompass variations of = 20%, £ 10%, + 5%, £+ 1%, £ 0.5%, or even + 0.1% of the specified
amount.

[0038] As used herein, phrases such as “between X and Y and “between about X and Y”
should be interpreted to include X and Y. As used herein, phrases such as “between about X
and Y” mean “between about X and about Y” and phrases such as “from about X to Y” mean
“from about X to about Y.”

[0039] As used herein, a “patient” may be a human or animal subject.

[0040] As used herein, “tissue” includes all biologic material within a body, including bone,
ligaments, tendons, cartilage, and muscle.

[0041] As used herein, “lossy” refers to the characteristic of material that causes high
attenuation or dissipation of energy.

[0042] The methods of the present disclosure differ from existing algorithms for analyzing
acoustic signals, for example, the methods provided in U.S. Publication No. 2016/0015319
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involving enveloping functions and vector functions. Specifically, the ‘319 Publication
implemented a data analysis approach whereby each waveform was analyzed in the time-
domain with a waveform enveloping function (Hilbert transform). The envelopes were
categorically segregated into distinct types that were segregated using a vector function
associated with health status. On the other hand, the methods of the present disclosure
analyze acoustic events with signals captured on multiple sensors. These signals are more
robust, less likely to be due to noise effects (i.e. triboelectric effect, sensor-skin rubbing), and
are amendable to localization. The methodology of the present disclosure also analyzes
signals that extend beyond the time-domain, featuring power spectral analysis. Without
being limited by theory, loose implants have an increased ability to vibrate, with the degree
of possible vibration and the damping of a natural vibration (frequency resonance) relating to
the degree of looseness. The methodology of the present disclosure include an analysis of
specific frequency magnitudes, partial powers (specific frequency band powers), and signal
fall times to derive an indication of the likelithood of a loosened implant.

[0043] In one aspect, acoustic measurements of the present disclosure can be collected by an
apparatus a plurality of acoustic sensors configured to be placed in contact with a patient’s
skin at a respective plurality of locations around the joint, a processor configured to receive
signals from the acoustic sensors during the movement of the joint, where the processor is
configured to: identify signals from two or more of the plurality of acoustic sensors that
correspond to a common acoustic event, compare an attribute of the signals, identify a
position of the acoustic event within the joint, and provide a health indication related to the
joint. In an aspect, acoustic measurements of the present disclosure can be collected by an
Orthosonos device. In an aspect, two or more signals from two or more of the plurality
acoustic sensors are identified as corresponding to a common acoustic event if they occur
within a short enough timeframe, such as within about 0.01 seconds, within about 0.005
seconds, within about 0.004 seconds, within about 0.003 seconds, within about 0.0025
seconds, within about 0.002 seconds, within about 0.0015 seconds, or within about 0.001
seconds.

[0044] Figures 1A and 1B are front and rear views of a patient’s legs 100 while the right leg
110 is being evaluated for loosening, in accordance with the present disclosure. In an aspect,
the right knee 112 has an implant (not visible in Figures 1A and 1B) and is being evaluated.
In one aspect, three sensors 120, 122, and 124 have been placed at approximately evenly
distributed positions around the right thigh 102 above the knee 112 and two sensors 130 and

132 have been placed on the anterior and posterior sides of calf 104 below the knee 112. In
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an aspect, the number of sensors placed on either the thigh 102 or calf 104 is typically in the
range of 1 to 8, but may be any number of sensors and arranged in any pattern with both
vertical and circumferential spatial separation, such as from 1 to 4, from 1 to 6, from 2 to 8,
and from 4 to 8. In an aspect, the sensors placed around either the thigh 102 or calf 104 are
evenly distributed. In an aspect, the sensors placed around either the thigh 102 or calf 104
may have different separation distances. In an aspect, a pair of sensors, for example sensors
130 and 132, are placed on opposite sides of a thigh 102 or calf 104. In an aspect, a pair of
sensors, for example sensors 120 and 122, are closer to one side of the leg 110. In an aspect,
the location of a sensor may be selected for improved coupling to the bone. In one aspect,
sensor 130 is positioned directly over the tibia (not visible in Figure 1A). In an aspect, sensor
130 may be repositioned to avoid inflicting pain on a patient. In one aspect, sensor 130 may
be repositioned to sit flush against the skin of a patient. In an aspect, sensor 130 may be
repositioned to accommodate the unique shape of a patient’s joint.

[0045] Although the figures shown herein are primarily associated with knee implants, the
same methods and apparatus can be successfully applied to the evaluation of implants in
other joints, for example hips, spines, and shoulders. Nothing in this application should be
construed to limit the application of the disclosed methods and apparatus to a particular joint
or type of implant or to limit the application to humans.

[0046] Figure 1C depicts another example sensor assembly 150, in accordance with the
present disclosure. The design and construction of assembly 150 are illustrative and alternate
arrangements are included in the concept, including assemblies that mount only above or
below the joint, assemblies that are adhered locally around a sensor location, sensors that are
temporarily taped or otherwise held in a position proximate the joint, and other harnesses and
attachments as will be known to those of skill in the art. Assemblies 150 that perform
equivalent functions for positioning acoustic sensor proximate to joints other than the knee
are included in the various aspects of assembly 150.

[0047] In an aspect, acoustic sensors are placed at locations 160 and 162. In an aspect, the
acoustic sensors at locations 160, 162 are held in contact with the skin by the assembly 150.
In an aspect, the acoustic sensors are acoustically coupled to the tissue at the locations 160,
162. In an aspect, acoustic sensors are placed in contact with the skin of a patient at one or
more locations not shown in Figure 1C. In an aspect, the assembly 150 comprises a hinge
152 to control the positioning of sensor locations 160, 162 relative to the knee. In an aspect,
the sensor assembly 150 is worn for a diagnostic regime of defined motions, for example

moving from a sitting position to a standing position or climbing a set of stairs. In one aspect,
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the sensor assembly 150 is worn for a period of normal activity, where the sensor assembly
150 comprises a data collection and storage capability to acquire and retain signals from the
acoustic sensors until the data records are uploaded to a computer or other data storage
system.

[0048] Figure 1D is a front partial view of a patient’s leg 110 while being evaluated for
loosening, in accordance with the present disclosure. In an aspect, acoustic sensors 172A and
172B are placed on the skin proximal to the medial and lateral condyle adjacent to the
anterior tibial crest 170 of calf 104.

[0049] Figure 1E depicts another sensor assembly 180, in accordance with the present
disclosure. Sensors 182A and 182B are located on the assembly 180 such that the two
sensors 182A, 182B are kept in contact with the skin of the calf 104 medial and lateral of the
anterior tibial crest 170.

[0050] Figure 2 depicts an implant assessment system 200, in accordance with the present
disclosure. In one aspect, there are four acoustic sensors 202 connected via cables 206 to a
processor 204. In an aspect, the sensors 202 communicate wirelessly with the processor 204.
In an aspect, the sensors 202 comprise a memory to store signals and later upload the
recorded signals to the processor 204. In an aspect, the processor 204 comprises a data
collection system (not shown in Figure 2) configured to receive the signals from the acoustic
sensors and convert them to digital data. In an aspect, the processor 204 comprises a memory
(not shown in Figure 2) configured to store a portion of the digital data produced from signals
received from the acoustic sensors 202. In an aspect, the processor 204 may be coupled to
other systems or programs in place of the server 220, for example a cloud-based storage
system or an electronic medical record.

[0051] In an aspect, the processor 204 is coupled to a server 220 as illustrated by cable 210.
In an aspect, the cable 210 comprises a communication network (not shown in Figure 2) that
may include network switches, hubs, wired or wireless communication paths such as
Bluetooth and Ethernet and wifi, wireless access points, and nonvolatile storage devices that
can be selectively coupled to the processor 204 and server 220. In an aspect, the server 220
comprises a database in which is stored the digital data or attributes of the digital data.

[0052] Determining a state of health of a joint having a partial or total replacement with an
implant, or a healthy joint, through analysis of acoustic signals as described herein is different
from other methods of evaluation that are commonly used to assess joints, for example

computerized axial tomography (CAT or CT) scanning and medical ultrasound.
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[0053] CAT scanning emits electromagnetic radiation in the X-ray frequencies that pass
through the patient to a receiver that measures the received X-ray. Measurements are taken
from different angles to produce cross-sectional images of specific areas. In contrast, the
apparatus and methods disclosed herein utilize passive acoustic transducers to capture
pressure waves generated within the body, and therefore they do not emit energy, do not form
an image, the transducers do not move relative to the patient during a single evaluation
session, and signals are primarily analyzed for direct indications of joint failure and not for
the purposes of tissue imaging.

[0054] Medical ultrasound creates images also known as sonograms. Sonograms are
generated by using a probe to send pulses of ultrasound into tissue where the sound echoes
off the various elements of the tissue, with different tissues reflecting varying degrees of
sound. The ultrasound transducer then captures the reflected signal and determines the
timing and strength of the signals. In the A-mode, the transducer scans a single line and plots
the varying response along this line. In the B-mode, a linear array of transducers in the probe
are arranged to produce an image of a two-dimensional (2D) plane through the tissue. In
C-mode, the reflected signal is gated to form a planar image at a defined depth. Ultrasound is
effective for imaging soft tissues of the body. In contrast, the apparatus and methods
disclosed herein utilize passive acoustic transducers and do not emit energy, do not form an
image, the transducers do not move relative to the patient during a single evaluation session,
and acoustic signals are primarily analyzed for direct indications of joint failure and not for
the purposes of tissue imaging.

[0055] Figure 3 is an illustration of a knee 300 with an implant 320 and acoustic sensors 340,
342, and 344, in accordance with the present disclosure. This implant 320 has a femoral
component 310 adhered to the femur 302, a tibial component 322 with a stem 324 that
extends into the tibia 304, and a spacer 326. In an aspect, natural patella 306 can be retained.
[0056] In an aspect, the three acoustic sensors 340, 342, 344 are located in a common
horizontal plane and at various positions around the knee, separated from an acoustic event
source 336 by distances 330, 332, and 334. In an aspect, the distances 330, 332, 334 are not
equal. In another embodiment, the plane is not horizontal. In an aspect, the acoustic event
source 336 is at the interface between the tibia 344 and the stem 324.

[0057] When an acoustic event occurs at source 336, a “shock wave,” also referred to as an
acoustic signal, propagates outward from source 336 in all directions. The shock wave
propagates at a speed that is associated with the material through which the shock wave is

passing. The attenuation of the shock wave is also associated with the material. In an aspect,
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the attenuation of the shock wave while it passes through the metal of the stem 324 is lower,
e.g., the signal retains its strength, than when the shock wave passes through soft tissue.
Similarly, the speed of the shock wave will be higher in the metal stem 324 than in the soft
tissue.

[0058] Each path 330, 332, 334 will have a different overall length as well as different
materials in the path. In one aspect, path 330 passes through the stem 324, the tibia 304, and
soft tissue, while paths 332, 334 pass through only bone and soft tissue. In an aspect, a shock
wave initiated at source 336 will arrive at each of acoustic sensors 340, 342, and 344 at
different times, referred to as the “time of flight” for that path, and with different signal
amplitudes.

[0059] A location of source 336 can be calculated using one or both of the differences in
arrival time and differences in amplitude of the received signals at acoustic sensors 340, 342,
344. If the material between the source 336 and sensors 340, 342, 344 were homogeneous,
spheres of possible locations could be modeled around each of sensors 340, 342, 344 with
different diameters based on the differences in arrival time plus a common offset duration.
The common offset duration is increased until the three spheres intersect at a single point,
which is the estimate of the location of source 336. In a knee or other joint, however, the
structure is not homogeneous. A computer model must be used to model the locations of the
acoustic sensors 340, 342, 344 on the joint as well as the structure and composition of the
underlying tissue. Surfaces can be modeled around each of sensors 340, 342, 344 with
different shapes that reflect the material between the sensor and the surface, and a point of
intersection can be identified as before. In an aspect, the estimated position of the source 336
is determined when the three surfaces pass within a defined distance of each other, as there
may be no single point where all three surfaces intersect for a common offset duration.

[0060] Similarly, the shape and size of the spheres modeled around each of the sensors 340,
342, 344 may be determined using the relative amplitudes of the signals received at the
respective sensors 340, 342, 344. In general, the amplitude of a signal will be attenuated
more when it has passed through a greater thickness of tissue or a more lossy tissue, such as
muscle compared to bone.

[0061] In an aspect, additional acoustic sensors (not shown in Figure 3) may be placed on the
thigh around the femur 302 and detect signals originating from source 336, in which case the
acoustic paths may pass through one or more of the tibial component 322, the spacer, 326, the
femoral component 310, and the femur 302. In an aspect, there are multiple paths between

the source 336 and an acoustic sensor, such as sensor 340, and a signal emanating from
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source 336 may arrive at different times and with different amplitudes having been conducted
along these multiple paths. In an aspect, analysis will determine signal characteristics that are
associated with only one of the multiple signals that are received by the sensor.

[0062] Figures 4A and 4B are plots 400, 440 of signals 402, 442 received by two spatially
separated acoustic sensors, in accordance with the present disclosure. Signal 402 has a
maximum amplitude at peak 410 that occurs at time t;. Signal 402 has a corresponding
maximum amplitude at peak 450 that occurs at time t,. The signal processing electronics of
system 200, shown in Figure 2, will compare one or more aspects of signals 402, 442 to
determine whether they are a common signal. In an example, signals 402, 442 originated
from a common acoustic event. As the maximum amplitude of signal 442, at peak 450, is
smaller than the maximum amplitude of signal 402, at peak 410, the source of the common
signal is likely farther from the sensor of signal 442 than the sensor of signal 402. This
relative distance will also be evident in the difference between times t; and t,.

[0063] Figure SA depicts attributes of a representative acoustic signal 502, in accordance
with the present disclosure. A threshold with upper limit 520A and a lower limit 520B has
been established around the average signal, which is zero in Figure SA. The signal 502
exceeds the threshold at point 504, where signal 502 crosses the lower limit 520B. The signal
502 has a peak amplitude at point 506 and then is attenuated over time until the last excursion
of signal 502 outside the threshold is at point 508 where signal 502 crosses the upper limit
520A. “Rise time” 530, ‘time from the first threshold crossing to highest voltage point on the
waveform’, is defined as the time interval from point 504, time ty, to point 506, time t;. In an
aspect, the signal processing electronics determines that the first deviation of signal 502 from
the prior noise was at point 510, time t3, and the rise time of signal 502 is computed using
time interval 534 between point 510 and 506.

[0064] “Fall time” 532, ‘time from highest voltage point on the waveform to last threshold
crossing,’ is defined as the time interval from point 506 to point 508, time t,. In an aspect,
the fall time is determined using a different feature of signal 502, for example the last
detectable sine wave at the principal frequency of signal 502.

[0065] In an aspect, one or both of the rise time and fall time are related to a natural
frequency of one of the components of an implant, for example the tibial component 322 of
Figure 3. Every physical object has multiple resonant frequencies that are associated with
various bending modes of that object when unconstrained. The lowest resonant frequency is
referred to as the primary natural frequency, commonly called “the natural frequency.” The

natural frequency of an item can often be determined by suspending the item using a light,
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non-extensible, flexible line, for example - a fishing line, and providing an impulse stimulus,
for example a classic “pencil lead break” force.

[0066] A fully attached implant will be restrained from vibrating at its natural frequency by
the surrounding bone and cement. A loose implant, however, will have some ability to
vibrate, with the degree of possible vibration and the damping of a natural vibration related to
the degree of looseness. Thus, the peak amplitude of signal 502 and the fall time 532 are
attributes of signal 502 that are related to the looseness of the implant in the joint being
assessed.

[0067] In an aspect, the signal 502 between time t, and time t, is considered to be associated
with “an acoustic event” caused by a mechanical interaction between elements of the implant,
proximate bones, and adjacent tissue. Such mechanical interaction may include friction
between surfaces of adjacent tissues, friction between elements of the implant, or movement
and impact between an element of the implant and a bone. Healthy tissue has a background
level of acoustic events, for example from motion between a ligament and a bone surface.
[0068] In an aspect, the number of acoustic events is indicative of the health of a joint.
Healthy joints will have fewer and lower-magnitude acoustic signals, compared to a failing
joint. The total number of acoustic events captured while a person performs a set motion
sequence is included as a component in the algorithmic computation for the indication of
joint loosening.

[0069] Figure 5B depicts a threshold 540 for analysis of the acoustic signal 502 of Figure 5A,
in accordance with the present disclosure. Threshold 540 has an upper limit 540A and a
lower limit 540B. The limits 540A, 540B are different from limits 520A, 520B of Figure SA
in that signals that exceed limits 520A, 520B are determined to be acoustic events, instead of
background noise, while signals that exceed limits 540A, 540B are determined to be acoustic
events associated with a particular joint health condition. In an aspect, a signal 502 that
exceeds threshold 540 is associated with a loose implant.

[0070] In an aspect, threshold 540 is determined based off the observed data recorded from
patients who either had a healthy or loose implant, following an optimization function to
where the greatest number of failed implants contained acoustic events that crossed such
threshold and healthy implants had the fewest number of events that crossed the threshold.
[0071] Figure 6 depicts a method of detecting loosening of an implant by an increase in the
magnitude of a resonant frequency, in accordance with the present disclosure. Plot 600
shows the PSD 602 (solid line) of an example signal acquired by an acoustic sensor, for

example as shown in Figures 1A and 1B, from a “healthy” implant and PSD 604 (dashed line)
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of an example signal acquired by an acoustic sensor from a “failed” implant. The PSDs are
generated using Fast Fourier Transforms (FFTs) of the received signal, for example signal
502 of Figures 5A and 5B. In an aspect, both implants are of a similar design and known to
have a natural frequency 610. A frequency band 612, also referred to as a “window,” has
been selected that encompasses the natural frequency 610. In one aspect, the frequency band
612 extends from approximately 20 kHz to 40 kHz.

[0072] The PSD 602 has several modest peaks within the frequency band 612. The PSD 604
of the failed implant shows much larger peaks within the frequency band 612. In an aspect,
the maximum magnitude of the peaks within the frequency band 612 is compared to a
threshold 614, where a magnitude that exceeds the threshold 614 is an indication that the
associated implant is damaged. In an aspect, a ratio of the magnitude of PSD 604 to the
magnitude of PSD 602 is compared to a threshold. In an aspect, the area under the PSD 604
within the frequency band 612, referred to as the “partial power,” is compared to the partial
power of PSD 602 within frequency band 612. In an aspect, the ratio of the partial powers is
compared to a threshold. In an aspect, the difference between the partial powers is compared
to a threshold.

[0073] In another aspect, PSD 602 is associated with a baseline acoustic signal measured
shortly after the surgery and PSD 604 is associated with an acoustic signal measured on the
same joint after a period of time has elapsed. This approach has the advantage of avoiding
person-to-person variations in the details of the implant surgery and resultant joint structure.
[0074] Figure 7 depicts a method of detecting loosening of an implant by evaluation of the
partial powers of signals 702, 704 within frequency windows, in accordance with the present
disclosure. In an aspect, four frequency bands 710, 720, 730, and 740 have been defined.
Each of signals 702 (solid line), 704 (dashed line) has a partial power associated with each
window 710, 720, 730, and 740. In an aspect, the partial powers of signals 702, 704 within a
common window are compared, either by ratio or difference. In an aspect, a ratio of the
partial powers of signal 702 in two windows, for example windows 710 and 730, is compared
to the same ratio of the partial powers of signal 704 in the same windows. This has a
normalizing effect, as a window, for example 740, can be predetermined to capture a baseline
signal that is not related to looseness. In an aspect, the frequency bands are not the same
width.

[0075] In an aspect, the frequency limits of partial power band 710 are from 17 Hz to 42 Hz.
In one aspect, the frequency limits of partial power band 710 are from 5 Hz to 55 Hz, such as

from 5 Hz to 50 Hz, from 5 Hz to 45 Hz, from 10 Hz to 55 Hz, from 10 Hz to 50 Hz, from 10
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Hz to 40 Hz, from 15 Hz to 55 Hz, from 15 Hz to 50 Hz, from 15 Hz to 45 Hz, from 5 Hz to
42 Hz, from 10 Hz to 42 Hz, from 15 Hz to 42 Hz, from 17 Hz to 45 Hz, from 17 Hz to 50
Hz, or from 17 Hz to 55 Hz. In an aspect, the frequency limits of partial power band 720 are
from 55 Hz to 75 Hz. In one aspect, the frequency limits of partial power band 720 are from
45 Hz to 80 Hz, such as from 45 Hz to 75 Hz, from 50 Hz to 75 Hz, from 55 Hz to 80 Hz,
from 60 Hz to 80 Hz, from 65 Hz to 80 Hz, from 70 Hz to 80 Hz, from 75 Hz to 80 Hz, from
55 Hz to 70 Hz, from 55 Hz to 65 Hz, or from 55 Hz to 60 Hz. In an aspect, the frequency
limits of partial power band 730 are from 80 Hz to 105 Hz. In one aspect, the frequency
limits of partial power band 730 are from 75 Hz to 200 Hz, such as from 75 Hz to 190 Hz,
from 75 Hz to 180 Hz, from 75 Hz to 170 Hz, from 75 Hz to 160 Hz, from 75 Hz to 150 Hz,
from 75 Hz to 140 Hz, from 75 Hz to 130 Hz, from 75 Hz to 120 Hz, from 75 Hz to 110 Hz,
from 75 Hz to 105 Hz, from 80 Hz to 200 Hz, such as from 80 Hz to 190 Hz, from 80 Hz to
180 Hz, from 80 Hz to 170 Hz, from 80 Hz to 160 Hz, from 80 Hz to 150 Hz, from 80 Hz to
140 Hz, from 80 Hz to 130 Hz, from 80 Hz to 120 Hz, or from 80 Hz to 110 Hz. In an aspect,
the frequency limits of partial power band 740 are from 200 Hz to 400 Hz. In one aspect, the
frequency limits of partial power band 740 are from 105 Hz to 500 Hz, such as from 105 Hz
to 400 Hz, from 105 Hz to 410 Hz, from 105 Hz to 420 Hz, from 105 Hz to 430 Hz, from 105
Hz to 440 Hz, from 105 Hz to 450 Hz, from 105 Hz to 460 Hz, from 105 Hz to 470 Hz, from
105 Hz to 480 Hz, from 105 Hz to 490 Hz, from 200 Hz to 500 Hz, from 200 Hz to 490 Hz,
from 200 Hz to 480 Hz, from 200 Hz to 470 Hz, from 200 Hz to 460 Hz, from 200 Hz to 450
Hz, from 200 Hz to 440 Hz, from 200 Hz to 430 Hz, from 200 Hz to 420 Hz, or from 200 Hz
to 410 Hz.

[0076] Figures 8A and 8B are plots 800, 820 of the signals 802, 822 from acoustic sensors on
two patients, in accordance with the present disclosure. Signal 802 was received from an
acoustic sensor proximate to a “well-functioning” implant while signal 822 was received
from an acoustic sensor proximate to a “failing” implant. Signal 802 has a clear primary
frequency, a waveform with a clear rise time and fall time, a lower-amplitude lower-
frequency element that produces the increase in amplitude after time 0.0006, and very little
higher-frequency noise. Signal 822 is lower in maximum amplitude that signal 802, does not
have a clear single frequency, and does not show the clear rise time and fall time. At first
glance, one might decide that the implant associated with signal 802 is more damaged than
the implant associated with signal 822.

[0077] Figures 8C and 8D are plots 840, 860 of the PSDs 842, 862 of the signals 802, 822 of
Figures 8A and 8B, respectively, in accordance with the present disclosure. PSD 842 has a
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first peak 846 and a second, larger peak 844. PSD 862 has a peak 866 at approximately the
same frequency as peak 846 and a second, larger peak 864 at approximately the same
frequency as peak 844. In an aspect, a ratio of the magnitude of peak 846 to the magnitude of
peak 844 is calculated and compared to a ratio of the magnitude of peak 866 to the magnitude
of peak 864. For example, the ratio of peaks 846, 844 is 0.27 while the ratio of peaks 866,
864 15 0.71, where the increase in the ratio is associated with a degradation in the implant
associated with signal 822.

[0078] In an aspect, the specific frequencies of the peaks to be compared by ratio may vary
slightly from person to person. In an aspect, the magnitude of the highest peak within a first
frequency band, for example frequency band 870, may be compared to the magnitude of the
highest peak within a second frequency band, for example frequency band 872. In an aspect,
the ratio need not be a lower band over a higher band, e.g., either frequency band may define
the numerator or denominator of a ratio. In an aspect, the partial powers within the frequency
bands 870, 872 may be compared by ratio or difference.

[0079] From the foregoing, it will be appreciated that the present disclosure can be embodied
in various ways, which include but are not limited to the following:

[0080] Embodiment 1. A method of identifying a loosened implant in a joint, the method
comprising the steps of: positioning a plurality of acoustic sensors at a respective plurality of
locations around the joint, causing the joint to be moved, receiving signals from the acoustic
sensors during the movement of the joint, identifying signals from two or more of the
plurality of acoustic sensors that correspond to a common acoustic event, identifying a
position of the acoustic event within the joint, and providing a health indication related to the
joint,

[0081] Embodiment 2. The method of embodiment 1, where the step of identifying a
position comprises: calculating a first time delay between a first time of receipt of a first
signal from a first acoustic sensor of the plurality of acoustic sensors and a second time of
receipt of a second signal from a second acoustic sensor of the plurality of acoustic sensors,
and calculating a first geometric surface of possible locations of the acoustic event from the
first time delay.

[0082] Embodiment 3. The method of embodiment 2, where the step of identifying a
position further comprises: calculating a second time delay between the first time of receipt
and a third time of receipt of a third signal from a third acoustic sensor of the plurality of

acoustic sensors, calculating a second geometric surface of possible locations of the acoustic
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event from the second time delay, and determining a line of intersection of the first and
second geometric surfaces.

[0083] Embodiment 4. The method of embodiment 2, where the step of identifying a
position further comprises determining where the first geometric surface intersects the
implant.

[0084] Embodiment 5. The method of embodiment 2, where the step of calculating a first
time delay comprises: identifying one or more types of tissue between the implant and the
first acoustic sensor, identifying one or more signal paths from the implant to the first
acoustic sensor, and adjusting the first time delay according to predetermined speeds of signal
propagation within each of the one or more types of tissue and the signal paths.

[0085] Embodiment 6. The method of embodiment 1, where the step of identifying a
position comprises: calculating a first magnitude difference between a first signal amplitude
of a first signal from a first acoustic sensor of the plurality of acoustic sensors and a second
signal magnitude of a second signal from a second acoustic sensor of the plurality of acoustic
sensors, and calculating a first geometric surface of possible locations of the acoustic event
from the first amplitude difference.

[0086] Embodiment 7. The method of embodiment 6, further comprising: adjusting the first
time delay according to predetermined speeds of signal propagation within each of the one or
more types of tissue and the signal paths.

[0087] Embodiment 8. A method of identifying a loosened implant in a joint, the method
comprising the steps of: positioning an acoustic sensor at a location proximate to the joint,
causing the joint to be moved, receiving a signal from the acoustic sensor during the
movement of the joint, analyzing the signal to identify an attribute that is associated with a
state of joint health, and providing a health indication related to the joint.

[0088] Embodiment 9. The method of embodiment 8, where the step of analyzing the signal
comprises: calculating a rise time and a magnitude from the signal, comparing the rise time
to a first threshold and the magnitude to a second threshold, and determining that the signal is
indicative of a loose implant when the rise time exceeds the first threshold and the magnitude
exceeds the second threshold.

[0089] Embodiment 10. The method of embodiment 8, where the step of analyzing the
signal is performed only when the signal comprises a primary frequency within a
predetermined band.

[0090] Embodiment 11. The method of embodiment 10, where the predetermined band is

associated with the implant.
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[0091] Embodiment 12. The method of embodiment 8, where the step of analyzing the
signal comprises: calculating a power spectral density (PSD) of the signal, calculating a first
partial power of the PSD within a predetermined first frequency band, comparing the first
partial power to a first threshold, and determining that the signal is indicative of a loose
implant when the first partial power exceeds the first threshold.

[0092] Embodiment 13. The method of embodiment 12, where the predetermined band
includes a resonant frequency associated with the implant.

[0093] Embodiment 14. The method of embodiment 8, where the step of analyzing the
signal comprises: calculating a power spectral density (PSD) of the signal, calculating a first
partial power of the PSD within a predetermined first frequency band, calculating a second
partial power of the PSD within a predetermined second frequency band, and comparing the
first partial power to the second partial power.

[0094] Embodiment 15. The method of embodiment 14, where the step of comparing
comprises: calculating a ratio of the first partial power to the second partial power, and
determining that the signal is indicative of a loose implant when the ratio exceeds a threshold.
[0095] Embodiment 16. The method of embodiment 14, where the step of comparing
comprises: calculating a difference between the first partial power and the second partial
power, and determining that the signal is indicative of a loose implant is loose when the
difference exceeds a threshold.

[0096] Embodiment 17. The method of embodiment 8, where the step of analyzing the
signal comprises: calculating a power spectral density (PSD) of the signal, calculating a first
maximum value of the PSD within a predetermined first frequency band, calculating a second
maximum value of the PSD within a predetermined second frequency band, and comparing
the first maximum value to the second maximum value.

[0097] Embodiment 18. The method of embodiment 8, where the step of providing a health
indication related to the joint comprises: evaluating the total number of acoustic events
indicative of a loose implant to determine a diagnostic indication of a loose implant.

[0098] Embodiment 19. An apparatus for identifying a loosened implant in a joint, the
apparatus comprising the steps of: a plurality of acoustic sensors configured to be placed in
contact with a patient’s skin at a respective plurality of locations around the joint, a processor
configured to receive signals from the acoustic sensors during the movement of the joint,
where the processor is configured to: identify signals from two or more of the plurality of

acoustic sensors that correspond to a common acoustic event, compare an attribute of the
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signals, identify a position of the acoustic event within the joint, and provide a health

indication related to the joint.

[0099] While the present disclosure has been described with reference to particular aspects, it
will be understood by those skilled in the art that various changes may be made and
equivalents may be substituted for elements thereof without departing from the scope of the
disclosure. In addition, many modifications may be made to a particular situation or material
to the teachings of the disclosure without departing from the scope of the disclosure.
Therefore, it is intended that the disclosure not be limited to the particular aspects disclosed
but that the disclosure will include all aspects falling within the scope and spirit of the

appended claims.
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We claim:

1. A method of identifying a loosened implant in a joint, the method comprising the steps of:
positioning a plurality of acoustic sensors at a respective plurality of locations
5 around the joint,

causing the joint to be moved,

receiving signals from the acoustic sensors during the movement of the joint,
identifying signals from two or more of the plurality of acoustic sensors that

correspond to a common acoustic event,
10 identifying a position of the acoustic event within the joint, and

providing a health indication related to the joint.

2. The method of claim 1, wherein the step of identifying a position comprises:
calculating a first time delay between a first time of receipt of a first signal
from a first acoustic sensor of the plurality of acoustic sensors and a second time of
15 receipt of a second signal from a second acoustic sensor of the plurality of acoustic
sensors, and
calculating a first geometric surface of possible locations of the acoustic event

from the first time delay.

3. The method of claim 2, wherein the step of identifying a position further comprises:
20 calculating a second time delay between the first time of receipt and a third
time of receipt of a third signal from a third acoustic sensor of the plurality of acoustic
Sensors,
calculating a second geometric surface of possible locations of the acoustic
event from the second time delay, and

25 determining a line of intersection of the first and second geometric surfaces.

4. The method of claim 2, wherein the step of identifying a position further comprises

determining where the first geometric surface intersects the implant.

5. The method of claim 2, wherein the step of calculating a first time delay comprises:
identifying one or more types of tissue between the implant and the first
30 acoustic sensor,
identifying one or more signal paths from the implant to the first acoustic

sensor, and
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adjusting the first time delay according to predetermined speeds of signal

propagation within each of the one or more types of tissue and the signal paths.

6. The method of claim 1, wherein the step of identifying a position comprises:
calculating a first magnitude difference between a first signal amplitude of a
first signal from a first acoustic sensor of the plurality of acoustic sensors and a
second signal magnitude of a second signal from a second acoustic sensor of the
plurality of acoustic sensors, and
calculating a first geometric surface of possible locations of the acoustic event

from the first amplitude difference.

7. The method of claim 6, further comprising:
adjusting the first time delay according to predetermined speeds of signal

propagation within each of the one or more types of tissue and the signal paths.

8. A method of identifying a loosened implant in a joint, the method comprising the steps of
positioning an acoustic sensor at a location proximate to the joint,
causing the joint to be moved,
receiving a signal from the acoustic sensor during the movement of the joint,
analyzing the signal to identify an attribute that is associated with a state of
joint health, and

providing a health indication related to the joint.

9. The method of claim 8, wherein the step of analyzing the signal comprises:
calculating a rise time and a magnitude from the signal,
comparing the rise time to a first threshold and the magnitude to a second
threshold, and
determining that the signal is indicative of a loose implant when the rise time

exceeds the first threshold and the magnitude exceeds the second threshold.

10. The method of claim 8, wherein the step of analyzing the signal is performed only when

the signal comprises a primary frequency within a predetermined band.
11. The method of claim 10, wherein the predetermined band is associated with the implant.

12. The method of claim 8, wherein the step of analyzing the signal comprises:
calculating a power spectral density (PSD) of the signal,
calculating a first partial power of the PSD within a predetermined first

frequency band,
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comparing the first partial power to a first threshold, and
determining that the signal is indicative of a loose implant when the first

partial power exceeds the first threshold.

13. The method of claim 12, wherein the predetermined band includes a resonant frequency

associated with the implant.

14. The method of claim 8, wherein the step of analyzing the signal comprises:
calculating a power spectral density (PSD) of the signal,
calculating a first partial power of the PSD within a predetermined first
frequency band,
calculating a second partial power of the PSD within a predetermined second
frequency band, and

comparing the first partial power to the second partial power.

15. The method of claim 14, wherein the step of comparing comprises:
calculating a ratio of the first partial power to the second partial power, and
determining that the signal is indicative of a loose implant when the ratio

exceeds a threshold.

16. The method of claim 14, wherein the step of comparing comprises:
calculating a difference between the first partial power and the second partial
power, and
determining that the signal is indicative of a loose implant is loose when the

difference exceeds a threshold.

17. The method of claim 8, wherein the step of analyzing the signal comprises:
calculating a power spectral density (PSD) of the signal,
calculating a first maximum value of the PSD within a predetermined first
frequency band,
calculating a second maximum value of the PSD within a predetermined
second frequency band, and

comparing the first maximum value to the second maximum value.

18. The method of claim 8, wherein the step of providing a health indication related to the
joint comprises:
evaluating the total number of acoustic events indicative of a loose implant to

determine a diagnostic indication of a loose implant.
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19. An apparatus for identifying a loosened implant in a joint, the apparatus comprising the
steps of:
a plurality of acoustic sensors configured to be placed in contact with a
patient’s skin at a respective plurality of locations around the joint,
5 a processor configured to receive signals from the acoustic sensors during the
movement of the joint, wherein the processor is configured to:
identify signals from two or more of the plurality of acoustic sensors
that correspond to a common acoustic event,
compare an attribute of the signals,
10 identify a position of the acoustic event within the joint, and

provide a health indication related to the joint.
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