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Abstract—The longitudinal assessment of joint health is a number of acute knee injuries pales in comparison to
long-standing issue in the management of musculoskeletal the number of people suffering from chronic joint
injuries. The acoustic emissions (AEs) produced by joint diseases such as osteo- and rheumatoid arthritis. It is

articulation could serve as a biomarker for joint health . .
assessment, but their use has been limited by a lack of predicted that by 2040 26% of the overall population

mechanistic understanding of their creation. In this paper, we will be diagnosled with some form of arthritis in the
investigate that mechanism using an injury model in human United States.'® This prevalence coupled with the
lower-limb cadavers, and relate AEs to joint kinematics. severe reduction in quality of life presents a significant

Using our custom joint sound recording system, we recorded
the AEs from nine cadaver legs in four stages: at baseline,
after a sham surgery, after a meniscus tear, and post-

burden on patients and healthcare systems.>* Cur-
rently, clinical assessment and treatment relies on

meniscectomy. We compare the resulting AEs using their b- qualitative mobility assessments, patient reported
values. We then compare joint anatomy/kinematics to the symptoms, and imaging studies. A suitable marker of
AEs using the X-ray reconstruction of moving morphology knee joint health that is quantitative, and measured

(XROMM) technique. After the meniscus tear the number

and amplitude of the AE peaks greatly increased from with affordable hardware, could reduce this burden on

baseline and sham (b-value = 1.33 £ 0.15; p < 0.05). The healthcare Syste.ms anfl greatly improve patient out-
XROMM analysis showed a close correlation between the comes and quality of life.

minimal inter-joint distances (0.251 £ 0.082 cm during One such possible marker of knee joint health is the
extension, 0.265 & .003 during flexion, at 145°) and a large acoustic emission signature produced by knees during

increase in the AEs. This work provides key insight into the
nature of joint AEs, and details a novel technique and
analysis for recording and interpreting these biosignals.

movement. These joint sounds have been explored as a
means of assessing the joint’s structural health since at
least 1902 when Blodgett reported on auscultating the
knee.* Since then, researchers have employed a wide
range of instruments and analysis techniques to detect
and interpret the sounds produced during movement
of the knee. These findings have often led to attempts
to diagnose joint conditions.'”?* However, the ability

Keywords—Wearable sensing, Musculoskeletal assessment,
Cadaver model, XROMM, Diagnostic, Predictive, Prognos-
tic markers.

INTRODUCTION to interpret acoustic emissions from the knee for clin-

ical decisions has had limited success. One of the main

The knee is one of the most frequently injured body reasons for this is a lack of mechanistic understanding

parts, with 18 million knee related patient visits of how these joint sounds are produced and what
occurring per year in the United States.” However, the factors influence them.

In this paper we investigate joint acoustic emissions
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knee in a reproducible and anatomically relevant
manner. To record the acoustic emissions, the limb is
fixed to a platform and passively flexed/extended
through its range of motion with contact microphones
sutured medial and lateral to the patellar tendon. The
sounds produced during this movement are recorded
and are the focus of this paper.

To better understand the source of these joint
sounds, we explore the relationship between internal
contact of the articulating structures within the knee
and acoustic emission. This is done using a system of
inertial measurement units (IMUs), biplanar motion
capture X-ray imaging, and computed tomography
(CT) scans. The output from that system is synced with
the acoustic emission data. To observe the changes in
acoustic emissions from the knee, we created a medial
meniscus injury model to better understand how
alterations of the underlying anatomy can correlate
with the acoustic emissions recorded on the surface of
the knee. Combining literature on internal joint pres-
sure, our findings of minimum articulating surface
distances, and joint sounds at each stage of injury led
to our proposed model of joint sound production
(Fig. 1). To provide more physiologic context to the
model, we next emulated the biomechanical alterations
associated with swelling following an acute injury by
serially injecting saline into the joint capsule. The b-
value of the acoustic emissions was calculated at each
stage of testing. This metric represents the scaling of
the amplitude distribution of the signal and was pre-
viously shown to be able to differentiate between knee
statuses.'’

This paper represents the first time that an analysis
of knee acoustic emissions has been performed on a
controlled, cadaver model with incorporation of
anatomical complexity, confounding physiological
factors that occur in an injured state (i.e. swelling), and
specific structural changes in the knee. Our findings
allowed us to propose a model of knee acoustic emis-
sion that better localized the source of these sounds
while remaining consistent with the prior literature’s
findings that these sounds can be useful in classifying
the health status of a knee.'”'” Future work will in-
clude measurements of acoustic emissions from vari-
ous knee injuries to better understand diagnostic
capabilities of this modality. If characteristic alter-
ations of these acoustic emissions can be linked with
knee health status, joint sounds may offer a surrogate
biomarker for early detection and assessment of mus-
culoskeletal injury.
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MATERIALS AND METHODS

Cadaver Specimen Procurement and Preparation

Experiments were conducted on nine fresh, frozen
human cadaver lower-limbs.The specimens were pro-
cured from MedCure, Inc (Orlando, FL, with per-
mission for use in a research experiment), had an
average age of 63.6 + 9.5 years of age, stored at
— 20°C, and thawed to room temperature in a water
bath for 8 h prior to testing. The age of these cadaver
specimens may not be fully representative of the
overall population, but the exclusion criteria helped
limit the impact of confounding comorbidities. The
joints were selected from donors with no known
arthritis, injuries or past surgeries of the knee, and that
were mobile at time of death. Prior to use, the legs were
clamped to the laboratory benchtop and precondi-
tioned with manual flexion/extension movements for 5
min.

Knee Acoustic Emission Setup and Acquisition

Two uniaxial analog accelerometers (3225F7, Dy-
tran Instruments Inc. Chatsworth, CA) were sutured
(4-0 Nylon Kit, Your Design Medical, Brooklyn, NY)
2 cm medial and lateral to the patellar tendon. These
accelerometers have a broad bandwidth (2 Hz—
10 kHz), high sensitivity (100 mV/g), low noise floor
(700 ug), miniature size and low weight (1 g). The
medial and lateral patellar locations were selected due
to the relatively unimpeded route (only a thin layer of
muscle, tendon, and fat) to the articulating surface of
the knee (where intra-joint friction is thought to pro-
duce the recorded vibrations."’

To record the knee acoustic emissions, the cadaver
legs were suspended on the side of a lab bench and
passively flexed and extended through their full range
of motion (~ 90° to 180°) (Fig. 2). This suspension
ensured the cadaver limb and especially the foot did
not contact the surface of the lab bench at any stage of
the motion. To pre-condition the leg prior to sound
recording, it was flexed/extended through its full range
of motion for 5 min at a rate of 1 cycle every 4 s. After
pre-conditioning the acoustic emission recording be-
gan. The legs were extended for two seconds, and then
flexed through the same range for two seconds; thus,
one flexion/extension cycle occurred every 4 s. The
recordings contained a total of ten flexion/extension
cycles with 5 s of background, environment noise
recorded before and after the exercise for a total
recording time of 50 s. An inertial measurement unit
(MPU6050, TDK InvenSense, San Jose, CA) was at-
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FIGURE 1. Concept model of knee acoustic wave creation
before and after a meniscus tear with representative acoustic
wave forms. (a) Diagram of the knee during flexion and
extension. (b) Medial femoral condyle compressing the medial
meniscus from flexion to extension. (c) Representative
acoustic waveform produced by the knee’s movement. (d)
Compression of the radially-torn, medial meniscus from
flexion to extension. (e) Representative acoustic waveform
produced by the knee.

tached 5 cm proximal to the ankle and used to validate
the joint angle and rotational velocity during these
exercises. The signals from the accelerometer were
sampled at 100 kHz and recorded using a data acqui-
sition module (USB-4432, National Instruments Cor-
poration, Austin, TX).

Tear Protocol

Each of the knees (n = 9) were serially, surgically
altered in four stages to isolate the effects that a medial
meniscus tear has on the joint’s acoustic emissions. The
four stages of testing were baseline, sham surgery,
meniscus tear, and the meniscectomy. After thawing
and pre-conditioning, the joint sounds were first
recorded at their baseline status. Next, a sham surgery
was performed on the leg. The sham surgery was per-
formed with the knee at 90° of flexion with a 5-cm
oblique incision made just posterior to the superficial
medial collateral ligament (MCL) at the level of the
vastus medialis curving over the medial epicondyle
onto the anteromedial aspect of the tibia. This cut

exposed the interval between the posteromedial joint
capsule, semimembranosus, and medial head of the
gastrocnemius.> Next, the posteromedial joint capsule
was cut 2 cm to expose the medial meniscus. Without
damaging the meniscus, the incisions were closed with
simple continuous, running sutures.”” The sounds were
recorded at this sham surgery status. Next, the
meniscus tear was introduced. The sutures were cut to
re-expose the meniscus and a 10 mm transverse (radial)
incision on the posterior (zone A) portion of the
meniscus was performed. The surgical entry path was
again sealed with a simple continuous running suture
and the sounds were recorded. Finally, a meniscectomy
was performed on the injured meniscus. The sutures
were cut to re-expose the meniscus and a 5 mm margin
anterior and posterior to the transverse/radial menis-
cus cut was surgically removed. The incisions were
resealed and sounds re-recorded.

Saline Injection Protocol

To emulate the altered mechanical environment
within the knee resulting from swelling following acute
injury,®'? varying levels of saline were injected into the
knees prior to meniscus surgery (n = 5). A supero-
lateral approach into the suprapatellar pouch was used
due to its reliability as a route of entry into the knee
joint and the obstruction of the attached microphones
impeding other approaches.”’” The leg was fully ex-
tended and a 1.5 in 25-gauge needle was inserted un-
derneath the superolateral surface of the patella and
directed posteriorly and inferomedially into the knee
joint. 5 mL aliquots of saline were serially injected
from 0 to 50 mL. After each injection, the joint sounds
were recorded using the above acoustic emission
acquisition protocol.

Acoustic Data Pre-processing

The recorded signals were analyzed using Matlab
(MathWorks, Natick, MA). The signals were pre-
processed using a digital finite impulse response (FIR)
band-pass filter with 250 Hz-20 kHz bandwidth to
maintain emissions in the audible range while remov-
ing motion artifacts. This frequency range was previ-
ously shown to contain the relevant knee acoustic
emissions information.”® Once filtered, the signals were
synchronized to the IMU data and trimmed to remove
the excess periods of noise before and after the flexion/
extensions. This trimmed noise was then used as a
basis for a noise suppression algorithm using spectral
subtraction from the acoustic emission recordings.’
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FIGURE 2. Testing setup for the generation, acquisition, and analysis of knee acoustic emissions on a cadaver model. The
cadaver knee is outfitted with two accelerometers and a high-precision inertial measurement unit (IMU). The accelerometers are
sutured medial and lateral to the patellar tendon and record the surface vibrations (acoustic emissions) created by the manual
flexion/extension of the leg. The IMU captures and syncs the 3D motion data to the joint sounds providing anatomical relevance to
the recorded signals. A data acquisition unit captures the audio waveform data and a microcontroller captures the IMU data. All
data is transmitted to a laptop computer with custom acquisition and analysis software written in MATLAB.

b-Value Analysis of Acoustic Data

The b-value metric was computed for the acoustic
emissions to differentiate the sounds based on their
amplitude distribution of the acoustic emissions. The
b-value was first proposed by Gutenberg and Richter
in earthquake seismology to quantify a logarithmic
relationship between the magnitude and frequency
recorded in a seismic trace, using the empirical formula
expressed in Eq. (1)."”

logloN = a— bML (1)

where ML is the Richter magnitude of events, N is the
number of events with magnitudes greater than ML,
and « and b are the constants. Based on this relation-
ship, the b-value is the negative gradient of the log-
linear acoustic emissions frequency/magnitude plot
and thus represents the slope of the amplitude distri-
butions. Our previously published work successfully
used the computed b-value of joint sounds to differ-
entiate knee injury status in athletes.'’

Acoustic Data Statistical Methods

The mean and standard deviation were calculated
for each dataset. The data were assessed for normality
using a Lilliefors test. It was found that the groups
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were non-normal, so the Scheirer—-Ray—Hare extension
of the Kruskal-Wallis test was performed. This test is
often used as a non-parametric equivalent to the two-
way analysis of variance (ANOVA) test. Finally,
multiple Wilcoxon signed rank tests were performed to
compare between the data groups. A Bonferroni cor-
rection was applied to correct for the multiple com-
parisons. The same series of tests were performed on
the saline injection data.

Joint Distance Imaging

The geometry of the tibial plateau is complex and
asymmetric. In order to calculate the distance between
the femur and tibia during articulation we used a two-
part imaging protocol relying on a high-speed, bipla-
nar X-ray video (100 fps, 79° between beam angle) and
a computed tomography (CT) scan of the patella, tibia,
and femur. Three 1 mm diameter, radiopaque, tanta-
lum markers (X-Medics, Frederiksberg, Denmark)
were implanted into each bone on the posterior-me-
dial, posterior-lateral, and anterior aspects of the bone.
These three markers appeared in both the CT scan and
X-ray videos. The CT scan allowed for a 3D model of
the bones to be constructed. These markers were
tracked in the X-ray videos using XMALab (Brown
University, Providence, RI) and aligned with the
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markers on the CT-derived 3D model using Maya
(Autodesk, San Rafael, CA) in order to track the
complex interaction between the bones. This motion
tracking technique is known as X-ray Reconstruction
of Moving Morphology (XROMM).*'® With the
articulation of the bones fully visualized using
XROMM, the distances between each of the 7076
vertices of the triangles making up the 3D mesh of the
tibial plateau and its nearest femoral counterpart were
calculated using custom Python scripts.

RESULTS

In this study, the effects of a meniscus tear on the
acoustic emissions produced by manually articulating
a human cadaver knee are explored. The results from
these tests are presented below. The b-value is the
principle metric for comparison. It is a unitless metric
that describes the slope of the amplitude distribution of
an acoustic signal.

Sham Surgery on a Cadaver Model of Joint Acoustic
Emissions Does Not Significantly Alter the Acoustic
Emissions from a Baseline State

A sham surgery was performed to expose the medial
meniscus of the cadaver. All the successive layers from
the skin to the joint capsule were surgically resected
(Figs. 3 a/e to 3b/f), and the acoustic emissions were
recorded. Qualitatively, the time domain sound sig-
nature at this stage of testing appears very similar to
the baseline state (Fig. 3j). The b-value statistic of the
joint sounds at baseline was 1.99 4 0.54. After the
sham surgery, the b-value dropped to 1.87 £ 0.40. This
shift was not statistically significant (p = 0.25). This
lack of statistical significance indicated that the sham
surgery, with its alteration to the tissue external to the
joint cavity and exposure of the joint capsule to the air
and laboratory atmosphere, had minimal influence on
the acoustic emissions of the knee.

Introducing a Meniscus Tear Significantly Alters
the Acoustic Emissions from the Sham State

A full width, radial tear was performed on the
posterior, medial meniscus (Figs. 3b/f to 3c/g). After
closing the resection, the sounds produced by the knee
were again recorded and analyzed. At this stage, the
sounds appear much more chaotic, with several large
spikes in the amplitude of the sounds. This increase in
amplitude was reflected in the b-value after the
meniscus tear (b-value = 1.33 £ 0.15). This drop in
the b-value was significant when compared to the
baseline and sham stages (p = 0.0039). This signifi-

cance indicated that the meniscus tear was solely
responsible for the change seen in the acoustic emis-
sions. It indicates that knee acoustic emissions are
capable of differentiating the internal environment of
the knee.

Further Removal of the Meniscus via Meniscectomy
Does Not Significantly Alter the Acoustic Emissions

After the meniscus cut was completed, the cadaver
was reopened and a larger portion (with clean margins)
of the torn meniscus was removed resembling a
meniscectomy (Figs. 3c/g to 3d/h). Qualitatively, the
acoustic signal appeared to diminish at this stage from
the meniscus tear state (Fig. 31). When analyzed, there
was a marginal increase in the h-value (1.34 £+ 0.29)
toward the baseline/sham values. However, this in-
crease was statistically insignificant when compared to
the meniscus tear group (p = 0.91). This indicates that
the size of the meniscal defect or border tear patterns
may not significantly alter the acoustic emissions of the
knee.

Saline Injected Within the Knee Capsule as a Surrogate
for Effusions Does Not Significantly Impact Acoustic
Emissions

After a meniscus tear occurs in vivo, a series of
physiologic events begin in response to the injury.
Principal among these regarding the effect on
mechanical articulation is localized swelling. To better
understand the extent to which this swelling affects
joint acoustic emissions we serially injected 5 mL ali-
quots of 0.9% saline solution into the knee capsule
(Fig. 4a). After each injection, the acoustic emissions
were recorded and b-value calculated. The b-values
ranged from a minimum of 1.6 £ 0.3 to 2.1 + .6. The
data were highly variable with no clear trends or sta-
tistical significance (p > .05 for n = 5) (Fig. 4b).
Therefore, the injection of saline into the knee capsule
does not directly influence the production or propa-
gation of acoustic emissions

The Distance Between the Femoral Condyles and Tibial
Plateau is Minimized When the Knee is Between 140°
and 150°

The tibio-femoral distance was measured on one of
the cadaver legs using the X-ray Reconstruction of
Moving Morphology (XROMM) imaging analysis
technique on one of the cadaver legs.>'® Distances
from the tibial plateau to the nearest point on the fe-
mur were computed for 7076 vertices that made up the
tibial plateau of the CT-derived 3D model. We found
that the distance between the two articulating struc-
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FIGURE 3. Acoustic data and b-values from four stages of meniscus intervention: baseline, sham, meniscus tear, and
meniscectomy. Surgical stages are presented as photos (a-d) and transverse plane view of tibial plateau diagrams (e-h). Each
leg’s AEs were recorded at baseline (a, e), after a sham surgery (b, f), after a posteromedial radial cut (c, g), and post-meniscectomy
(d, h). Representative time-domain sound data from one flexion/extension cycle at each stage are presented in (i-l). Note the
increase in spikes and amplitude from baseline to meniscus tear (i—j) and slight decrease from tear to meniscectomy (k-I). There
were statistically significant declines in the b-value from baseline to tear and meniscectomy, and from sham to tear and
meniscectomy. (Indicated with *, n = 9 and p < 0.05). (Error bars = 1 standard deviation from mean of the b-value from the nine legs

tested.)

tures was minimized between 140° and 150° during
both flexion and extension. The point distances at
three demonstrative angles during extension (120°,
150°, and 180°) are presented as a heat map (Fig. 5a).
Of note, the minimum distances (darker red) trend to
the anterior as the leg articulates. This agrees with
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reported tibiofemoral distances in the litera-
ture.''%212* For reference, the posteromedial meniscus
tear was located on the bottom-left portion of the tibial
plateau as presented in Fig. 5a. Of note, the minimum
dimensions did not significantly change between any
stages of the experimental protocol (Figs. 5d and Se).
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FIGURE 4. Acoustic Data and b-values from serial saline
injections. To emulate the mechanical effects of swelling on
the acoustic emissions produced by the knee saline was
serially injected from 0 to 50 mL into the joint cavity. The
diagram in (a) demonstrates the superolateral approach used
for injection of the saline. The corresponding b-values at each
amount of injection are presented in (b). There were no
significant differences from 0-50 mL of injected saline
indicating that there was not a statistically significant
change in the acoustic emissions of the knee from this
intervention. (n =5, error bars = 1 standard deviation from
mean of the b-value from the five legs tested.)

This indicates that the interventions did not cause
significant changes in the biomechanics and articula-
tion pattern of the cadaver leg.

The RMS power of the acoustic waveform and the
rate of change of the minimum tibiofemoral distances
differed during the extension and flexion phases of
movement. The minimum tibiofemoral distance during
extension is 0.251 £ 0.082 cm and during flexion is
0.265 £+ .003 cm both occurring at 145° (Figs. 5b and
5¢). The tibiofemoral distance sharply increased from
the minimum at 145° to 180° (full extension) during
both the flexion and extension phases of movement.
During extension, there is a large increase in the RMS
power from when 145° to full extension. This increase
in RMS power mirrors the increase seen in the exten-
sion-phase tibiofemoral distance plot (Figs. 5b and
5d). The relationship between RMS power of the
acoustic signal and distance is slightly different during
the flexion phase of movement. During flexion, the
peak in RMS power of 0.34 £ 0.02 occurs at 150°
flexion nearly coinciding with the minimum tibiofe-
moral distance at 145° flexion. During flexion we again

note an increase in the rate of growth of the RMS
power from 160° to 150°—closely resembling the rate
of change in the tibiofemoral distance plot. The dif-
ference in the relationship between RMS power and
tibiofemoral distance during the flexion and extension
phases along with the slight delay in the RMS power of
the signal following maximum compression indicates
that there is a more complex interaction occurring to
create these joint acoustic emissions than rigid-body
bone-on-bone compression alone.

DISCUSSION

Meniscal tears are the most common knee injury,
and partial meniscectomies are one of the most com-
mon orthopedic surgical procedures. These injuries are
seen in all age groups and have a variety of causes.*
The primary functions of the menisci are load distri-
bution and stability during ambulation. Upon injury,
the menisci have an impaired ability to distribute loads
and resist tibial translation—destabilizing the joint.
During extension, the medial and lateral menisci
transmit 50% and 70%, respectively, of their com-
partmental loads. During flexion those increase to 85%
and 90% respectively.?® It has previously been shown
that after medial meniscectomy, contact stresses can
increase by 100%.* Meniscal tears can be described as
one of six morphologies: radial, oblique, horizontal,
complex, vertical, or bucket handle. The type of tear
has been shown to have a significant effect on contact
pressures within the knee. In particular, complete ra-
dial tears significantly increase mean contact pressure
and decrease contact area compared with the intact
state.?” Significant research has been performed on tear
morphologies,”'* compartment pressures,”'' and
outcomes of different corrective surgical approaches.*

Diagnosis of meniscal injury is made clinically based
on the patient’s history (e.g. description of pain/tim-
ing), a physical examination (e.g. gait analysis, lower
extremity alignment, range of motion analysis), and
imaging tests (e.g. magnetic resonance imaging (MRI)
and radiographs).”® This diagnostic workup is exten-
sive, but not without its shortcomings. The patient’s
history and their pain ratings are highly subjective. The
physical exam is dependent on the practitioner’s
expertise. The MRI is by far the most powerful and
objective tool for evaluating the meniscus; however, it
is time-consuming, costly, and often uncomfortable for
the patient. Post-surgical monitoring and rehabilita-
tion efforts rely on the same assessment techniques,
typically with even fewer imaging studies. We believe
that the acoustic emissions produced by the knee
during flexion/extension could serve as a suit-
able marker of knee joint health that is quantitative,
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FIGURE 5. Comparison of tibiofemoral distances to sound recordings during a flexion-extension cycle. (a) Heatmap of distances
from femoral condyles to tibial plateau at select distances (i.e. 120°, 150°, 180°). These heatmaps appeared nearly identical during
flexion and extension. Minimum tibiofemoral distances at each degree of movement during (b) extension and (c) flexion (Error bars
indicate one standard deviation from the mean of three trials at each data point). In (b) and (c), the 1000 nearest vertices of the 7076
total vertices creating the 3D mesh are averaged with their standard deviations displayed. RMS Power of the joint acoustic
emissions at each degree of movement during (d) extension and (e) flexion. (Error bars indicate one standard deviation from the

mean of the AEs of all n = 9 cadaver legs tested.)

affordable, and easily incorporated into a clinical
assessment.

The acoustic emissions explored in this paper were
produced by the articulation of the tibiofemoral joint.
This joint is a hinge synovial joint that joins the distal
femur to the proximal tibia. The articulation occurs
between the medial and lateral femoral condyles and
the tibial condyles. The friction during this articulation
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creates a complex series of vibrations.>’” These vibra-
tions travel to the skin where they encounter a large
impedance mismatch between the tissue and air and
manifest as vibration signals on the skin.?’ In this
paper, we proposed a cadaver injury model to better
understand the impact that factors such as injury and
swelling have on these acoustic vibrations. In addition,
the tibiofemoral distances during movement were
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measured and correlated to the acoustic emissions.
This was the first time that human knee acoustic
emissions have been studied in such a controlled set-
ting.

To record these skin vibrations, our team designed a
system that incorporates two uniaxial accelerometers
acting as contact microphones to record these vibra-
tions. To provide anatomical context to the recorded
sounds an IMU simultaneously and synchronously
recorded the angle of the cadaver legs while they were
manually flexed and extended through their ranges of
motion.

Our exploration of knee acoustic emissions began
with a four-stage surgical intervention. We had previ-
ously shown that injuries to the knee resulted in sig-
nificant alterations to the acoustic emissions as
measurable by the h-value metric.'” On nine fresh-
frozen cadaver legs, the sounds were first recorded at
baseline after the legs were pre-conditioned and
thawed in a water bath. A sham surgery was performed
to expose but not damage the medial meniscus. The
lack of significant changes between the acoustic signals
from baseline to sham indicated that the exposure of
the meniscus with the cutting of the various skin and
fascial layers was not responsible for the bulk of the
acoustic emissions. Next, we re-entered and performed
a 10 mm radial incision on the meniscus. With the
meniscus torn, the acoustic emissions significantly
increased, and this meniscus-torn state was easily dif-
ferentiated using the h-value metric. In the final stage,
we removed a 5 mm margin around the meniscus tear.
This removal resembles a surgical meniscectomy—the
commonly performed reparative surgery for this type
of injury. After meniscectomy, the b-value of the
acoustic emissions returned toward baseline but was
still not significantly different from the meniscus cut
stage. This lack of significant change in the b-value
following meniscectomy indicates two possible out-
comes: (1) The cadaver model was not a suitable sub-
stitute for a reparative treatment given the lack of
blood flow/synovial fluid, or (2) this sensing modality
may not be suitable for monitoring post-surgical re-
pairs. In earlier work, the knee acoustic emissions were
recorded from athletes at the start of their season and
after suffering injuries such as torn anterior cruciate
ligaments, torn menisci, and sprained medial collateral
ligaments. In that study we found that the b-value and
this sensing modality was able to track their recovery
post-surgical intervention.'>!'” Thus, the lack of return
toward baseline is most likely due to differences in the
physiology/anatomy of the cadaver model and young,
collegiate athletes.

In an effort to examine this discrepancy in findings
between athletes and cadaver model, we explored a
possible confounding factor—swelling. Intra-articular
knee joint effusions accompany nearly all knee
injuries.”” The serial injections of 5 mL aliquots of
0.9% saline solution did not significantly alter the knee
acoustic emissions. This was counter to our expecta-
tions. We had expected an increase in intra-joint fluid
volume to lead to an increase in the tibiofemoral dis-
tance and less interactions between the articulating
components in the knee thereby decreasing acoustic
emissions. This lack of significance was promising for
the sensing technology to be used clinically since the
level of swelling will not need to be controlled for when
interpreting joint acoustic emissions; however, it did
present data counter to our prevailing notion of how
these sounds were produced. This finding led to our
interest in exploring the relationship between tibiofe-
moral distance and acoustic emissions.

To explore the relationship between anatomical dis-
tances and joint acoustic emissions a series of biplanar,
video X-rays and CT scans were performed on a cadaver
specimen. Following the XROMM protocol, tibial and
femoral movements were tracked and segmented 3D
models were animated using the X-ray videos as refer-
ence. The distance between the tibia and femur were
calculated continuously through the leg’s range of
movement.*'® The RMS power of the joint acoustic
emissions was calculated along each legs range of move-
ment for comparison. The RMS power metric of acoustic
emissions was calculated rather than the »-value since the
b-value relies on a longer signal with many peaks occur-
ring. In Fig. 5, the RMS power of the signal was calcu-
lated for every 2.5° of movement which amounted to a
signal time of 55.4 4+ 0.2 ms. Often, there were no large
amplitude spikes in that small time interval and the b-
value would tend toward infinity by virtue of its deriva-
tion. There was a slight delay in the increase in the RMS
power after the minimum joint distance was reached. We
believe that this delay in sound production may indicate
that the sounds are a result of the viscoelastic expansion
of the menisci. The mechanical properties of the meniscus
have been extensively characterized.” Principle among
these analyses are the characterization of the complex
viscoelasticity and anisotropy of the meniscus.” We pro-
pose that knee acoustic emissions are heavily influenced
by the compression of the menisci and the consequent
release of compression during movement. The vis-
coelasticity of the meniscus may be responsible for the
slight delay between the acoustic emission RMS spiking
and the minimum tibiofemoral distance occurring.
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In the future, the possibility of the viscoelastic
properties of the meniscus contributing to the acoustic
emissions of the knee will be further explored. If this
theory is correct, its result may be far reaching in re-
gard to diagnosing meniscal health from joint sounds.
There may also be merit in correlating the acoustic
emissions not only with experimentally measured ti-
biofemoral distances but also simultaneous, joint
pressure mappings. In this work, we relied on previ-
ously published research to classify the pressure profile
within the knee. Using experimental pressure data with
our setup may provide a better correlation between the
anatomical orientations and sounds produced. In or-
der for this novel sensing modality to become clinically
valuable, we need to discover the full extent of its
capabilities both for longitudinal monitoring as well as
diagnostics. The next steps in that development will
involve expanding the scope of joint acoustic emission
studies to different injuries and pathophysiological
conditions (e.g., anterior cruciate ligament tears,
arthritis, etc.). Future work should also focus on
developing more sophisticated signal processing tech-
niques for reducing noise, optimizing signal quality,
and potentially isolating the sources of these sounds
within the knee, so that the nature of these sounds can
be better understood. Aside from clinical merit, there is
also substantial intellectual merit to be gained by fur-
ther researching the influence of confounding variables
such as the ideal protocol for generating acoustic
emissions, physiological variables such as pain, effu-
sions, and degree of tear, and the ability to localize
injuries based on an array of microphones. In the fu-
ture, we intend to explore more fundamental acoustic
emission analysis techniques to accurately and effec-
tively characterize the differences between these
responses.

The work in this paper presents the first time that
knee acoustic emissions have been characterized in a
controlled setting with a cadaver model of knee injury.
The insights gained on the application of acoustic
emissions for identifying meniscus tears are promising
and warrant future work in the field. Additionally, the
correlation of tibiofemoral distance to acoustic emis-
sion patterns provided the first of its kind attempt to
correlate acoustic emissions with anatomical positions.
The relation between joint anatomy, the associated
interactions upon articulation, and the resulting
acoustic emissions should be further explored to help
understand the full utility of this novel sensing
modality. With more research, joint acoustic emissions
could soon serve as a readily measurable, non-invasive
biomarker of joint health.
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