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Non-Invasive Assessment of Cartilage Damage
of the Human Knee Using Acoustic Emission
Monitoring: A Pilot Cadaver Study

Liudmila Khokhlova
Nikolaos Davarinos

Abstract—Objective: Knee osteoarthritis is currently one
of the top causes of disability in older population, a rate
that will only increase in the future due to an aging pop-
ulation and the prevalence of obesity. However, objective
assessment of treatment outcomes and remote evaluation
are still in need of further development. Acoustic emission
(AE) monitoring in knee diagnostics has been successfully
adopted in the past; however, a wide discrepancy among
the adopted AE techniques and analyses exists. This pilot
study determined the most suitable metrics to differentiate
progressive cartilage damage and the optimal frequency
range and placement of AE sensors. Methods: Knee AEs
were recorded in the 100-450 kHz and 15-200kH frequency
ranges from a cadaver specimen in knee flexion/extension.
Four stages of artificially inflicted cartilage damage and two
sensor positions were investigated. Resulis: AE events in
the lower frequency range and the following parameters
provided better distinction between intact and damaged
knee: hit amplitude, signal strength, and absolute energy.
The medial condyle area of the knee was less prone to arte-
facts and unsystematic noise. Multiple reopenings of the
knee compartment in the process of introducing the dam-
age negatively affected the quality of the measurements.
Conclusion: Results may improve AE recording techniques
in future cadaveric and clinical studies. Significance: This
was the first study to evaluate progressive cartilage dam-
age using AEs in a cadaver specimen. The findings of this
study encourage further investigation of joint AE monitor-
ing techniques.

Manuscript received 24 June 2022; revised 14 December 2022 and
16 March 2023; accepted 25 March 2023. Date of publication 30 March
2023; date of current version 30 August 2023. This work was supported
in part by Science Foundation Ireland (SFI) under Grant 12/RC/2289-P2
(INSIGHT), which was co-funded by European Regional Development
Fund (ERDF), and in part by SFI under Grant 13/RC/2077 for CON-
NECT and Grant 16/RC/3918 for CONFIRM, which was also co-funded
by ERDF. (Corresponding author: Liudmila Khokhlova.)

Liudmila Khokhlova is with the Insight Centre for Data Analytics,
Tyndall National Institute, University College Cork, T12 K8AF Cork,
Ireland (e-mail: liudmila.khokhlova@tyndall.ie).

Dimitrios-Sokratis Komaris was with the Insight Centre for Data Ana-
lytics, Tyndall National Institute, University College Cork, Ireland. He is
now with the Aston University, U.K.

Nikolaos Davarinos and Karuppiah Mahalingam are with the Mater
Private Network, Orthopaedic & Spine Centre, Ireland.

Brendan O’Flynn and Salvatore Tedesco are with the Insight Centre
for Data Analytics, Tyndall National Institute, University College Cork,
Ireland.

This article has supplementary downloadable material available at
https://doi.org/10.1109/TBME.2023.3263388, provided by the authors.

Digital Object Identifier 10.1109/TBME.2023.3263388

, Graduate Student Member, IEEE, Dimitrios-Sokratis Komaris ©“,
, Karuppiah Mahalingam, Brendan O’Flynn
and Salvatore Tedesco

, Senior Member, IEEE,
, Member, IEEE

Index Terms—Acoustic emission, joint sound, knee
health, osteoarthritis, thinning of the articular cartilage.

[. INTRODUCTION

HE knee is one of the largest, most complicated and heavily

loaded joints in the human body. The knee constantly
sustains high loads, which can be multiple times greater than
a person’s bodyweight, during daily routine and sporting activi-
ties, such as walking and running. This leads to a high prevalence
of injuries and pathologies, for instance knee osteoarthritis (OA),
which is characterised by the deterioration of the joint’s cartilage
and underlying bone. According to the 2019 Global Burden
of Disease report [1], knee OA is considered to be one of the
top ten causes leading to disability in the European region for
the population aged above 70 years and in the top fifteen for
population between 50 and 70. The prevalence of knee OA has
grown globally since 1990 and this trend is expected to continue
due to the population ageing and the increasing levels of obesity
(2], [3].

Currently, the clinical assessment of the joint’s condition
mostly relies on imaging, patient-reported symptoms, functional
tests and physical evaluations (e.g., mobility evaluation). How-
ever, the early diagnostic of OA is still challenging. The currently
used imaging technologies display some limitations: radiogra-
phy methods (X-rays and CT scans) are not sensitive to minor
changes over time and do not adequately visualize soft tissue;
ultrasound imaging shows relatively poor resolution and has
limited observation area due to bone obstructions; whereas MRI
provides excellent anatomic resolution, it remains costly and
long imaging time is needed; finally, nuclear technologies are
expensive and involve additional exposure to radiation [4]. At the
same time, patient-reported outcomes are relatively subjective
and not sufficiently sensitive [5], and functional tests may only
represent a specific physical function [6]. Moreover, due to the
recent global focus on telemedicine and remote assessment [7],
[8], the need for diagnostic tools that are not tied to a clinical site
is evident. Therefore, digital technologies that can provide inter-
active remote orthopedic examinations are expected to remain
the focus of future research [9]. With the current advances in the
area of electronics and wearable technologies [10], alternative
solutions, such as inertial sensors [11], [12], [13] and acoustic
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emission (AE) monitoring [14], [15], [16], have the potential to
be used as part of joint condition assessments.

Among the methods that are potentially suitable for
telemedicine applications for joint health and implant condition
assessment, AE monitoring remains one of the least investi-
gated. This technique is widely used in non-destructive testing
to detect the occurrence and location of defects in structures
of various kinds by sensing acoustic waves that occur during
deformation. The method is also used to monitor phase trans-
formation, friction and corrosion of materials. Signal processing
in AE monitoring usually involves acoustic event (hit) detection.
Hit detection is typically defined by the following parameters:
signal amplitude threshold (usually expressed in dB) for which
a hit is detected; hit definition time (HDT), which specifies the
maximum time between two consecutive threshold crossings;
hit lockout time (HLT), defined by the time that must pass after
a hit has been detected and before the next one occurs and
can be detected again; and peak definition time (PDT) which
is determined by the time from hit detection to the hit’s peak
[17]. Several parameters of the detected hits can be measured
to gain a further understanding of the investigated process or
defect. Such parameters may include, but are not limited to, the
number of hits detected in a specified time, hit durations, the
average time between hit detection and its peak (rise time), and
the average frequency of the signal in a hit.

AE monitoring in orthopaedics was initially used to investi-
gate structural and biomechanical properties of bones [18]; how-
ever, inrecent years, non-invasive joint diagnostics have received
a renewed focus in the field. A scoping review was carried out
by the authors [19], showing that AE monitoring is a promising
technique in the diagnostics of joint pathologies, such as age-
related deterioration [20], [21], OA [22], [23], [24], and past
injuries [15]. A wide variety of methods is currently suggested
for joint AE acquisition and processing, including many diverse
approaches in AE sensor placement and fixation, different signal
frequency ranges and lower limb movements. However, further
research is needed to establish optimal methods of a robust
recording procedure, suggest a unified methodology, enable a
useful exchange of data, and ensure successful translation of
the method to wider research practice and, in future, to clinical
applications.

In terms of the data acquisition approaches in the existing
literature, the frequency range of the employed sensors varies
greatly within studies on joint sounds. For instance, among
the reviewed papers in [19], the sensors’ acquisition frequency
varied widely from as low as 1kHz to higher ranges of up to 500
kHz. Moreover, a lower frequency range below 1kHz was used
in vibroarthography [25]. It has been also shown that the highest
energy joint sounds are present in frequency ranges below 25kHz
[26], however, positive results in differentiating between OA and
healthy knees were also achieved with higher frequencies of up
to 400 kHz [24], [27], [28]. This could potentially indicate that
while amplitude of AE events is smaller in the high frequency
range, the recordings in this range might be less sensitive to
noise caused by motion artefacts, and need to be considered as
potentially useful in practical applications.

With regards to the influence of motion artefacts, ensuring
optimal sensor position and attachment, is an essential require-
ment in obtaining AE recordings of a good quality. It has
been previously shown that the appropriate placement of an
AE sensor on the joint plays a significant role in achieving
repeatable results and an acceptable signal-to-noise ratio [29],
[30]. However, to date, only a small number of studies have
been conducted to specifically address the questions of optimal
sensor placement and fixation, as well as the potential adverse
effects of improper fixation. For instance, the work by Ozmen
etal. [31] discusses mounting methods to improve accelerometer
sensing performance in the 50 Hz-10 kHz frequency band for
sound recordings of the knee. In our previous work [32], [33], we
presented a procedure to mitigate motion artefacts and improve
the repeatability of AE recordings in the broad frequency range
of 20-500 kHz. Finally, different positions for the placement of
AE sensors were considered for OA knees [21] and wrist joints
of healthy volunteers [30]. Though certain AE sensor positions
and additional measures were suggested to minimize influence
of motion artefacts and improve signal to noise ratio, to the best
of the authors’ knowledge, the sensor positioning was never
considered with regard to the location of the cartilage damage
within the knee compartment and potential attenuation of the
AE signal.

Finally, in respect to studies where precise damage was in-
flicted on the cadaveric specimens, Whittingslow et al. [34]
investigated the nature of AEs after simulated surgery, with
artificially induced meniscus damage and saline injections to
imitate tissue swelling. The authors focused on the relationship
between internal contact of the articulating structures within the
knee and the produced AEs. The reported results show that a
meniscus tear increases the number and amplitude of the AE
peaks as compared to the baseline recording, while a large
increase in the AEs was observed during minimal inter-joint
distances. In this regard, the use of cadaveric specimens allows
the recording of AEs in a highly controlled manner, and ensures
the infliction of precise damage in a specific area. Although the
authors in [34] simulated both meniscus damage and soft tissue
swelling, cartilage damage that is inextricably related to knee
OA has yet to be considered in cadaveric models.

In view of the above, the aim of this study is to determine the
optimal frequency range and sensor placement of an AE sensor,
along with the most suitable metrics to differentiate progressive
degrees of cartilage damage on different articulating surfaces of
the knee joint. The present pilot cadaveric study was conducted
using two AE sensors with dissimilar frequency responses and
a high sampling rate, allowing for the recoding of the different
frequency components of the joint AE and their comparison un-
der controlled conditions. Such conditions, i.e., same specimen,
cartilage damage degree and location, joint load and movement,
to the best of authors’ knowledge, have not been implemented
before. Moreover, alternating placements of the sensors on the
lateral and medial condyles of the knee were included to compare
the sensors’ response and joint AE characteristics with regards
to the precise location of the damage, which also have not been
explored in detail before.



KHOKHLOVA et al.: NON-INVASIVE ASSESSMENT OF CARTILAGE DAMAGE OF THE HUMAN KNEE USING AE MONITORING

2743

We hypothesized that the AE sensor placed closer to the
damaged compartment would detect higher number of AE events
as well as recording AEs in the lower frequency range, resulting
in better differentiation between the tested conditions of pro-
gressive damage.

[I. MATERIALS AND METHODS
A. Specimen Preparation

The present study was conducted on a fresh-frozen human
cadaveric lower limb. The specimen was procured from and
tested at the ASSERT Centre, College of Medicine and Health,
University College Cork. All procedures performed in studies
involving human participants were in accordance with the ethical
standards of the institutional and/ or national research committee
and with the 1964 Helsinki declaration and its later amendments
or comparable ethical standards. Consent for publication of
research was obtained at the time of body donation. The donation
and dissection of human bodies, for medical education, research
and training is covered by legislation governing the practice of
anatomy in the Republic of Ireland (Anatomy Act 1832, Medical
Practitioners Act 2007).

The hemi-pelvis to toe-tip specimen was thawed at room
temperature for 36 hours prior to testing. The donor (male,
32 years of age) had no known major knee injuries or other
musculoskeletal disorders. The specimen was fixed on a surgi-
cal table with heavy-duty straps in a manner that allowed its
unobstructed motion, and was then preconditioned with manual
flexion/extension movements for five minutes. No presence of
excessive subcutaneous adipose tissue or cartilage abnormalities
were observed upon the opening of the knee compartment.

B. AE Sensors and Equipment Setup

The USB AE Node (Physical Acoustics) monitoring sys-
tem and the corresponding AEwin software (Mistras, Physical
Acoustics) were used to record AE events from the knee joint.
Two AE sensors, the PK15I and the PK3I, with embedded
preamplifiers were used to capture AEs, using AE node in-
tegrated filters with 100-450 kHz and 15-200kH ranges, re-
spectively. Sensors were selected from commercially available,
ready-to-use, low-noise, small alternatives in the medium fre-
quency band, that have been previously used successfully for
the recording of joint acoustic emissions (AEs) [19]. Employing
two sensors also allowed the recording of signals in relatively
broad frequency ranges. Hit definition parameters were pre-set
to the following values: PDT = 200 us, HDT = 800us, HLT =
1000 ps, based on the results of Shark et al. [35] and according
to the previously used frequency range in the literature [19].
Registration threshold was set at 24 dB for the PK15I - or
henceforth referred to as high frequency (HF) sensor, and 32
dB for the PK3I - denoted here as low frequency sensor (LF).
The sensors weigh 51 gm, and have a height of 72mm and a
diameter of 27mm. A previously investigated method of sensor
attachment resistant to motion artefacts [32] was used in this
study with some modifications. In particular, ethylene-vinyl
acetate (EVA) foam (100kg/m?) holders were glued to the skin

Fig. 1. Testing setup: Lateral side (left) and medial side (right).

using cyanoacrylate glue instead of double-sided tape. To avoid
accumulation of excess glue on the sides of the holders, a
small amount of glue was used and was distributed evenly in
a thin layer on the foam’s surface. The centre of each holder
contained a cylindrical cut-out aperture to hold the AE sensor
and an indentation for the connecting cable. The sensor was
then inserted into the foam holder until firm contact with the
specimen’s skin was achieved. The HF sensor was initially
placed on the medial tibial condyle area of the knee, while the
LF sensor was positioned symmetrically on the lateral side. The
sensors’ position was chosen according to indications from the
literature [21] for sites with minimum muscular and dynamic
artefacts. However, placement of the sensors on the apex of the
patella was unfeasible due to the position of the incision.

To generate AEs, the knee was manually flexed/extended with
a moderate load (100 £ 10 N) that was applied indirectly to the
joint with the use of an ankle brace and a force gauge (Fig. 1).
The force meter provided visual feedback to the operator who
maintained and verbally confirmed the stable loading through-
out the motion cycles. The ankle brace immobilized the ankle
and facilitated the manipulation of the leg in one plane while
constraining all ankle movements. All the surfaces of the ankle
brace that were in contact with the specimen were isolated with
EVA foam (5Smm thickness, 45kg/m?) to avoid potential noise
due to friction. Additionally, all connecting cables were isolated
with foam and secured with holders on the bench to avoid
excessive movement. To track the manipulation of the limb,
inertial measurement units (IMUs) were placed on the shank
and thigh of the specimen, and were secured with medical tape
and elastic straps (Fig. 1, left). The position of the sensors was
set to zero in a fully-extended leg position.

C. Data Acquisition

AE events were recorded during 10 flexion/extension cycles
at each step. The baseline recording (BL) was obtained from
the intact knee using both AE sensors (HF and LF). The knee
joint internal surfaces were then exposed following the medial
parapatellar approach [36] by two consultant orthopaedic sur-
geons that routinely perform knee arthroplasties in their practice.
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Fig.2. Cartilage damage: Medial (MED, left) and patellofemoral (MED-
PAT, right).

Initially, the femur cartilage surface of the medial compartment
(MED) of the knee was scraped with a scalpel and a bone
rasp simulating stage III osteoarthritis as per the Kellgren and
Lawrence (KL) system (Fig. 2, left).

The incisions were then closed with nylon stitches and subse-
quently, the knee was manipulated again into another round of
flexion/extension. Subsequently, the sensors were swapped by
placing the HF sensor on the lateral and the LF on the medial
sides into the respective holders, and a third round of knee
manipulation was recorded. The sensors were then returned to
their original configuration and all further recordings were made
with the HF in the medial and the LF in the lateral positions. As
the foam holders were glued to the skin, the sensors’ positions
remained the same with regards to the tissue below during sensor
exchange.

To further investigate AE readings during increasing damage,
the cartilage was progressively removed on different areas of
the joint. The knee compartment was reopened and additional
damage was inflicted onto the articulating patellofemoral sur-
face (MEDPAT) (Fig. 2, right). Then, new stitches were put in
place and knee movements were recorded in the same manner
as above. Afterwards, all measurements were repeated upon
inflicting further damage onto both the medial and patellar com-
partments to simulate grade IV of OA (MEDPAT4Gr). Lastly,
the process was repeated after also damaging the lateral com-
partment (LAT) of the joint followed by the previously described
closing of the knee and recording procedure. The block diagram
of the experimental process presented in the Fig. 3.

D. Signal Processing and Data Analysis

The recorded AE hits and sensor orientation data were ana-
lyzed (Fig. 4, top) using MATLAB (Mathworks). Timestamps
were used to synchronize the AE recordings with motion data,
and the angular movement of the shank was utilized to segment
the recorded signals into repetitions. Movement from maximal
extension (straight leg) to flexion at around 90 degrees angle
and back was considered as one repetition. Seven repetitions out
of the recorded ten were used on average, from full extension
to maximum knee flexion, by excluding the start and end of
the movement due to additional noise and/or compromised
execution in several records (e.g., noise from the operator’s hand
contact during the initiation and termination of the movement
and low load applied at the start or end of the trials). To further
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Fig. 3. Block diagram of the experimental process.
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Fig. 4. AE recording processing (top) and segmentation (bottom):
Contact areas of the damaged cartilage surfaces in relation to the flexion
angle from 30° to full extension (EX) and from 30° to maximum flexion
(FL).

increase the homogeneity of the included flexion/extension cy-
cles, the analysis was additionally constricted to include only
repetitions in the range of 3.5 £ 0.5 s.

Moreover, the knee movement was split (Fig. 4, bottom)
into the range less than 30° of flexion (EX), (approximately
half range of motion) and over 30° (FL). Limiting the knee
angle to range lower than 30° (EX), concentrates the analysis
in the part of the movement with maximum contact area in the
medial compartment (MED). Likewise, higher flexion angles
(FL) results in a wider contact areas with patella (MEDPAT)
[37].

Then, the following AE parameters were exported from the
AEwin software: rise time (time between detected AE hit start
and its peak amplitude in pus); count (number of an AE signal
excursions over the threshold in one hit); hit duration (us); am-
plitude (dB); counts to peak (number of an AE signal excursions
over the threshold between AE hit start and its peak amplitude);
signal strength (pV-sec), absolute energy (attoJoules); average
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Fig. 5. Box plots of mean number of hits per repetition (for seven
repetitions per measurement): (a) HF sensor (b) LF sensor.

frequency (average frequency over the entire AE hit in kHz).
Means and standards deviations were calculated for all parame-
ters. Detailed description of the parameters can be found in the
supporting documentation of the AEwin software [38].

Additionally, amplitude distribution analysis of the acoustic
data was conducted using log-linear amplitude/cumulative fre-
quency plots and b-values. These metrics were first proposed
by Gutenberg and Richter [39], and are widely used in seis-
mology to quantify the relationship between the magnitude and
frequency of a seismic trace. The b-value, is derived from an
empirical formula (1), where N is the number of events, M is
the magnitude of the event, and a and b are constants, with
b representing the negative gradient (slope) of the log-linear
acoustic emissions frequency/magnitude plot. The metric had
been recently applied to AEs and was successfully used to
differentiate knee injury status in athletes [14], and meniscus
damage in cadaver specimens [34]. The cumulative number of
hits in seven repetitions was used in the analysis. The best line
fit was used to calculate b-values.

log N = a—bM (D)

Statistical analysis was performed using IBM SPSS Statis-
tics. Normality was assessed for the AE hit parameters using
the Shapiro-Wilk test [40]. If data distribution was presumed
normal, independent samples t-tests were used to determine if
any statistically significant difference was present between AE
parameters for the studied sensor positions and cartilage damage
stage. In the case where observations followed non-normal
distributions, pairwise independent-sample Kruskal-Wallis tests
with Bonferroni corrections were used for comparison. All
statistical tests were performed with 95% confidence interval.

Ill. RESULTS
A. Joint AE Parameters

The means and standard deviations of the detected number
of hits per repetition during the manipulation of the intact knee
(BL) were equal to 76 £ 10.12 for the LF and 43.29 + 4.99 for
the HF sensors (BL, Fig. 5). A larger number of hits, equal to
94.14 +8.76, was detected for the damaged medial compartment

50.0
475 L F
45.0
80 *
425
40.0 * 60 i
375 *
40
P FF B 5 P EF 5 S
° g 9 ° g 3
5 3 % 3
[3) [}
(a) (b)
Fig. 6. Box plots of mean number of hits per repetition (for three

repetitions with durations of 3.5 + 0.5 s per measurement): (a) HF
sensor (b) LF sensor.

(MED) when compared to the BL recording with the LF sensor;
a higher number of hits was also registered with the HF sensor
(46.14 £ 5.01) for the first stage of damage (MED). A slightly
higher number of hits (47.43 + 4.28) was likewise observed
after the medial patellar damage (MEDPAT) with the HF sensor.
However, a progressively lower number of hits per repetition was
recorded for every recording thereafter (MEDPAT4Gr and LAT
for HF sensor, MEDPAT, MEDPAT4Gr and LAT for LF sensor,
Fig. 5).

Since longer flexion/extension cycles under constant load
would naturally generate more AE events, the analysis was
repeated with only the movement cycles that had a duration of 3
to 4 seconds (first 3 repetitions out of 7 per measurement with the
specified duration). However, the same trend was observed for
LF sensors (Fig. 6(b)), with a higher number of hits per repetition
for the first stage (MED, followed by a decline in their numbers
in the last measurements. For the HF sensor the decline was less
prominent with only the last stage of damage being visibly lower
than the baseline.

Due to the process of recording AE signals using a pre-
determined threshold for hit detection, the gathered data can
be skewed. The Shapiro-Wilk test for all the included AE hit
parameters (i.e., rise time, counts, duration, amplitude, counts
to peak, signal strength, absolute energy and average frequency)
showed that data do not follow normal distributions (P <.001).
To ensure optimal representation of the non-normally distributed
parameters, the median values of the exported AE parameters
from both sensors are presented in Table I. Additionally, mean
values, interquartile ranges and standard deviations are pre-
sented in Tables S1 and S2 of the supporting information for
the HF and LF sensors, respectively.

For the LF sensor (Table I), hit rise time and the number of
threshold crossings (counts) were significantly different for the
MED when compared to all other measurements; however, the
rise time did not yield any significant differences for all other
comparisons, apart from the BL vs. MEDPAT4Gr. Hit durations,
signal strength and absolute energy were significantly different
between the BL and the MED and MEDPAT stages, that were
also significantly different between each other. Counts to peak
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MED 55 1 18 24 1 155.55 0.22 66 2’1 L
MED 44 1 45 24 1 286.7 0.34 39 8) x
PAT -
MED 63 1 63 241 43615 052 43 ‘ ‘ ‘ ,
PAT4 0
Gr 25 30 35 40 45 50
LAT 70 1 31 24 1 1525 014 76 AE amplitude, dB
LF: median
BL Fig. 7. Cumulative hit occurrence frequency and the amplitude rela-
47 537 40 2 11656 5521 20 tionship plots for the HF sensor.
MED  3j 30177 37 1 4648 19.64 21
MED
PAT 34 4 261 38 1 8055 33.45 20
MED 7 ,
PAT4 BL
Gr 33 5 283 38 1 7656 32.42 21 6 MED
LAT 345 4 2695 38 1 7886 3402 20 MEDPAT

MED (medial) - the cartilage surface damage on the medial compartment, KL III;
MEDPAT (medial, patellofemoral) - the cartilage surface damage on the medial
compartment plus patellofemoral surface, KL III; MEDPATAGr (medial, patellofemo-
ral, grade IV KL) - the cartilage surface =~ damage on the medial compartment plus
on the patellofemoral surface, KL IV; LAT (lateral) - the cartilage surface damage on
the medial compartment plus on the patellofemoral surface and lateral compartment,
KL IV.

were also significantly different between the BL and both the
MED and MEDPAT, but no significant difference between those
two categories (MED and MEDPAT) was observed. The average
frequency distribution did not differ for all measurements. The
amplitude of the hits was significantly different for the MED,
MEDPAT and MEDPAT4Gr when compared to the BL, while
a significant difference was also observed for the MEDPAT vs.
MED.

For the HF sensor (Table I), the rise time, threshold cross-
ings (counts), counts to peak, hit duration, average frequency,
signal strength and absolute energy were not significantly dif-
ferent across all recordings. The hit amplitude was significantly
different for the MED and MEDPAT4Gr conditions, but not
significantly different for all other pairwise comparisons. The
p-values for all comparisons for both sensors, as well as the
pairwise diagrams, can be found in the supporting information:
S LFE.pdf and S HF.pdf.

B. Alternative Measures: B-Value

The following graphs illustrate the amplitude distribution of
the registered hits for the two employed sensors. The line of the
best fit illustrates the slope or b-value (Figs. 7 and 8, for the HF
and LF sensors, respectively). The hits with an amplitude above
48 dB for the HF and above 66 dB for the LF sensors were
filtered, to remove outliers due to motion artefacts and noise.

The obtained b-values for the BL, MED, MEDPAT, MED-
PAT4Gr and LAT measurements are 0.13, 0.20, 0.15, 0.17, and
0.14 for the HF sensor, and 0.09, 0.13, 0.13, 0.08, and 0.14

MEDPAT4Gr| |
LAT

]

IS

w

N

logN (N-cumulative hits number)

-
T

0 . . .
30 40 50 60 70

AE amplitude, dB

Fig. 8. Cumulative hit occurrence frequency and the amplitude rela-
tionship plots for the LF sensor.

for the LF sensor, respectively. The b-values for progressive
damage for the LF sensor overall follows the same trend as
hits per repetitions with the first measurement with inflicted
damage on the articulating surfaces of the medial compartment
(MED) showing the biggest difference from the measurement
of intact knee (BL), and the following measurements showing
values closer to the BL condition. Notably, for the LF sensor, the
intact knee showed a higher number of hits for the majority of
the amplitude range. However, for the HF sensor, a distinction
can be noticed on the amplitude distribution graph between the
intact knee (BL, blue line) and all following measurements in
the range of amplitudes between 28 and 38 dB, with more hits
being registered for all stages of damage as compared to the
baseline.

C. Sensor Position

The number of hits per repetition that were registered with the
HF sensor in the medial position was 46.14 4+ 5.01, while 58.86
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Fig. 9. Box plots of the mean number of hits per repetition (for seven
repetitions) in the lateral and medial positions: (a) HF sensor (b) LF
Sensor.

TABLE II
JOINT AE PARAMETERS (FOR 7 REPETITIONS) IN LATERAL AND MEDIAL
POSITION FOR THE CARTILAGE SURFACE DAMAGE ON THE MEDIAL
CoMPARTMENT, KL Il (MED)
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HF: median
M 55 1 18 24 1 15555 022 66
L 25 1 19 24 1 170.80  0.20 114.50
LF: median
M 44 5 375 40 1 11456 5535 19
L 31 3 177 37 1 4648 19.64 21

M — medial sensor position, L - lateral sensor position.

4 20.16 hits were registered in the lateral position (Fig. 9(a)).
For the LF sensor (Fig. 9(b)) 94.14 + 8.76 hits per repetition
was recorded in the lateral and 84.14 4+ 6.18 in the medial
positions. Interestingly, more hits were detected when recording
laterally of the knee using both the HF and LF sensors, even
though damage was inflicted in the medial compartment. The
means, standard deviations, medians and interquartile ranges of
all computed parameters are presented in Tables S1 and S2 of
the supporting information.

For the LF sensor, all included parameters (Table II) were
significantly different between the lateral and medial positions.
Shorter hit duration, lower values of hit rise time, amplitude,
threshold crossings in a hit (count), counts to peak, average
frequency and signal strength were observed in the lateral sensor
position. The absolute energy of AE hits, however, was lower in
the medial position.

For the HF sensor (Table II) rise time was significantly higher
in the medial sensor position. Median amplitude values were the
same for both positions; however, the distribution was signifi-
cantly different. Other parameters have not shown any difference
between the recordings in different positions. The p-values, as
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Fig. 10.  Box plots of the mean number of hits per repetition (for seven
repetitions) in the lateral and medial positions: (a) HF sensor (b) LF
Sensor.

well as the pairwise comparison diagrams, can be found in the
supporting information: S LE.pdf and S HE.pdf.

D. Joint Angular Position

The numbers of hits per repetition that were registered with
the HF and LF sensors for the portions of movement from 30°
and over (FL), and flexion angles lower than 30° (EX), are
presented in Fig. 10. For the HF sensor in the FL segment, bigger
number of hits (26.00 4 4.20) was observed for the MEDPAT
in comparison to the BL and MED conditions, as expected, due
to the increased contact in the patellofemoral area. However,
the same was not observed with the LF sensor, where a lower
number of hits was detected (37.15 £ 7.31), despite the increased
damage in the articulation area. Interestingly, in the FL segment
of the movement, the number of hits was higher for the MED
stage (56.43 £ 11.59) that in the measurement for intact knee
(BL, 39.86 &+ 5.16), indicating increased AE output from the
damaged medial compartment. Considering the EX portion of
the movement, a higher number of hits was expected after the
MED stage, but for both sensors this increase was not substantial
(Fig. 10).

For the HF sensor, the duration, average frequency, signal
strength and absolute energy did not differ between the FL and
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EX portions of the movement, whereas amplitude, rise time
of the hits, counts (threshold crossings) and counts to peak
were significantly different only for the MEDPAT stage. For the
LF sensor, majority of the AE event parameters did not differ
between FL and EX portion of movement for BL condition,
apart from amplitude and absolute energy. For MED condi-
tion, different picture was observed with only three parameters
(threshold crossings, counts to peak and amplitude) were not
significantly different for movement portions. For MEDPAT
stage, only counts to peak and average frequency were not
significantly different between FL and EX. The p-values for all
comparisons for both sensors, as well as the pairwise diagrams,
can be found in the supporting information: S LE.pdf and S
HE.pdf.

IV. DISCUSSION
A. Joint AE Parameters

The acquired data in this study partially contradicts the pre-
viously reported notion of registering higher numbers of AE
events as the knee’s cartilage damage progressively increases
simulating different grades of OA [24]. The inflicted damage
on the articulating surfaces of the medial compartment (MED)
when recording with the LF sensor, and the medial compartment
(MED) and further patellar damage (MEDPAT) with the HF sen-
sor, were associated with a higher number of AE hits; however,
further measurements with increasing damage yielded a smaller
number of AE events that ultimately resulted in a lower number
of hits per repetition than the baseline measurement (Fig. 5).
This was particularly evident with the LF sensor, while a similar
behaviour was observed with the recordings of the HF sensor
for seven repetitions, but not when considering only repetitions
with a specific duration, where only the last stage returned less
AE events than the BL (Fig. 6).

All the investigated AE hit parameters (Table I) followed the
same trend for the LF sensor, with the majority of them being
significantly different between the baseline (BL) and the first
measurement with the damage on the cartilage of the medial
compartment (MED) but not the subsequent measurements.
Several parameters (duration of hits, signal strength and absolute
energy) were also significantly different for the latter stage with
the additional damage on the patellofemoral area (MEDPAT),
and the amplitude of hits was significantly different from the BL
for all measurements apart from the last one (LAT). Contrary to
the LF sensor, the AE parameters registered by the HF sensor
were not discernible between the different measurements. For
both sensors, the b-value of the intact knee (BL) was lower
than values for the following measurements with progressively
damaged joint. Although this shows that the presence of cartilage
damage can be detected using b-value, the extent of the damage
was not. The data also contradicts previously reported notion
where recovered knees exhibited lower b-values than the injured
[14], and cadaveric knees with intact meniscus showed higher
b-values in comparison to the knees with meniscus tears.

Overall, it can be said that for the first measurements (after 1
or 2 reopenings of the knee compartment), a notable difference
in AE events number and parameters can be observed between
the damaged (MED, MEDPAT) and the intact knee (BL) and it

corresponds to general findings in the literature [19]. However,
this trend was not maintained in subsequent measurements. It
was previously reported that opening the knee compartment, as
well as injecting the tissue with saline solution, does not change
the recorded joint acoustic emissions significantly compared to
a baseline measurement [34]. However, the knee compartment
was not repeatedly reopened, and the incision used in [34]
was shorter and horizontal. In this study, repetitive reopenings
of the knee compartment and much larger vertical incisions
were used, that potentially contributed to the overall loss of the
structural integrity of the knee’s soft tissues, the formation of
small air pockets, while increasingly disrupting the transmission
of the acoustic signal from the damaged area to the sensors’
surface. Though it can be recommended for future studies on AE
monitoring that are using cadaver specimens to avoid repetitive
reopenings of the joint compartment, that might not be an opti-
mal approach when considering the value of cadaveric material.
Another solution to avoid the detrimental effect of reopening the
incision would be to use minimally invasive approaches, e.g., the
mini-medial parapatellar approach to open the knee compart-
ment, as well as ensuring that no air pockets remained between
soft-tissue layers by compressing them before the knee’s closure,
and adopting a suturing technique that provides an airtight seal.

B. Sensors’ Frequency

The HF sensor overall showed low sensitivity, as none of the
included AE hit parameters were significantly different in the
conducted measurements. However, from the amplitude distri-
bution plot (Fig. 7), it was evident that in the range between 26 to
36 dB, the baseline can be distinguished from the measurements
of the damaged articulating surfaces, but those measurements
cannot be distinguished from each other. It was also shown
by they calculated b-values, that the same measurements carry
higher values than the baseline (0.09), but close to each other
(0.13, 0.13, 0.14), with the exemption of one trial (Fig. 8).
Lowering the threshold for the AE hit detection further from the
24dB that was used in this study, may improve the performance
of the HF sensor.

Overall, the LF sensor was able to distinguish among the
initial stages across multiple parameters of AE events, such as
the signal’s strength and absolute energy (that were significantly
different for the first two measurements), counts to peak and
hit amplitude (significantly different for the first three stages
of damage), despite the compromised AE transmission that
potentially resulted from the repeated reopening of the joint
and the damage being located further away from the sensor.
With respect to the number of hits, the LF better differentiated
(Fig. 5(b)) intact knee from first stage of damage (MED), which
is also evident by the amplitude distribution graphs (Fig. 8) and
the computed b-values (BL: 0.13, stages of progressive damage:
0.20, 0.15, 0.17 and 0.14).

C. Sensors’ Position

A slightly lower number of hits per repetition and consider-
ably fewer variable data (Fig. 9) were registered in the medial
position for both sensors for measurements when the cartilage
damage located in the medial compartment (MED), indicating
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that the lateral position is more prone to unsystematic artefacts
and noise (high amplitude AE events, despite further distance
from the damaged area). These findings fall in line with previous
work [21] that indicates that the medial tibial condyle area of
the knee shows less muscular and dynamic artefacts. A lower
amplitude and average frequency was observed in the recorded
signal by the LF sensor (Table II) that indicates the increased
attenuation of the high frequency portion of the signal in the
soft tissue, which is in line with the data previously reported in
the literature on the acoustic waves transmission in soft tissues
[41]. However, when registering with the HF sensor, the average
frequency did not change between sensors, confirming previous
findings that in the considerably higher frequency ranges (50-
600kHz) the attenuation is insensitive to the frequency of the AE
hit [42]. While the HF sensor is less sensitive to the AE caused
by the introduced damage, this finding may be of importance in
applications where a high signal attenuation is expected and it is
also important to preserve the frequency distribution of the AE
signal.

D. Angular Position

The recordings obtained during different stages of knee flex-
ion (Fig. 10) can potentially be used to locate the cartilage
damage, as specific articulating cartilage surfaces are in contact
with each other or under load during the different phases of
knee flexion. Thus, for HF sensor where in case of medial
compartment damage a bigger number of hits were registered
for flexion angles close to 0, whereas for next measurement
with additional patellofemoral damage same movement range
showed lower number of AE events. However, the same was
not observed with the LF sensor, as the measurement with
progressive joint damage showed generally decreasing number
of AE events, potentially due to its lateral position of the sensor,
which was more affected by repeated reopening of the knee
compartment.

V. LIMITATIONS AND FUTURE WORK

This paper presents a pilot proof-of-concept study and its
limitations should be considered when interpreting the results.
AE sensors with specific characteristics, specifications, and
explicit detection parameters (as outlined in Section II-B) were
used to record and define AE events. In this respect, such an
analysis may benefit from the use of multiple and dissimilar
sensors simultaneously, and the recording and analysis of the
full waveform of the acoustic signals, allowing for the further
frequency analyses and comparisons of the AE events associated
with cartilage damage. Only one specimen was considered in
this pilot study and further investigation is needed to confirm
the findings, after taking into account the suggested measures to
improve consistency between trials. Considering the mechanical
manipulation and loading of the specimen, changing the way
the knee compartment is closed between the measurements or
avoiding repetitive reopenings of the knee altogether, will result
in more reliable measurements.

While particular attention was paid to imitate the loss of
cartilage due to osteoarthritis, the donor of the specimen was

relatively young and no signs of cartilage softening or chon-
dromalacia were observed upon the opening of the joint, which
might affect the tribological properties of the cartilage and the
generation and transmission of the recorded AEs as a result.
Additionally, it needs to be noted that joint AEs were recorded in
starved lubrication conditions (fresh frozen specimen with com-
promised joint synovial capsule). Thus, comparing the recorded
signals with cadaveric knee specimens with natural OA damage
should also be carefully considered. Specifically, in subsequent
research, a larger sample size of healthy volunteers of all ages
should be included, in addition to patients suffering from os-
teoarthritis as well as other joint conditions.

Moreover, the specimen storage and preparation techniques
can also have an effect on mechanical properties of the cartilage
and surrounding tissues. While it has been previously reported
that storage at subzero temperatures and rapid thawing do not
affect the biomechanical properties of articular cartilage [43],
slow thawing under room temperature might result in decreased
stiffness [44], especially when taking into account the large
size of the specimen and the area of interest. While decreased
stiffness of the cartilage might not have detrimental effect on
the measurements in our case (young donor), as it naturally
occurs with OA knees due to chondromalacia, for a specimen
that is obtained from elderly or with natural OA damage, rapid
thawing in warm water may be opted to avoid additional changes
in tissues.

Further research in cadaveric studies might include the investi-
gation of AEs before and after interventions aimed at improving
joint lubrication (e.g., with hyaluronic acid injections) or carti-
lage repair (e.g., grafting). Such studies can further investigate
the potential of AE monitoring to evaluate the effects of OA
treatments and therapies in vivo.

VI. CONCLUSION

This pilot study presents an investigation on the AEs from
a cadaveric knee joint during flexion/extension following pro-
gressive OA damage. During the first two reopenings of the
knee compartment, a notable difference was observed between
the measurements of the damaged cartilage and intact knee, and
these results correspond to the general findings in the existing lit-
erature. However, with further damage inflicted on the cartilage
of the articulating surfaces of the knee, this difference progres-
sively diminished. Repeated reopening of the knee compartment
in this study have potentially affected the transmission of AEs
through the soft tissues of the knee. While the use of cadaveric
specimens provides a unique opportunity to investigate AEs
in a highly controlled setting and allows the introduction of
artificial cartilage damage emulating real conditions in a specific
location of the knee compartment, such tests need to be used
with caution considering the state of the surrounding soft tissue,
i.e., ensuring that the damage remains minimal and that the
transmission of the AE is maintained. The use of the sensor
with 15-200 kH range provides better differentiation between
intact knee and measurements with cartilage damage, especially
for the following AE event parameters: hit amplitude, signal
strength, and absolute energy. Positioning the AE sensor over
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the medial tibial condyle is advisable, considering that this area
is less prone to motion artefacts and unsystematic noise.

APPENDIX

Supplementary files: S1 Table.xIsx - means, standard devi-
ations, median values and interquartile ranges for the full list
of the calculated AE parameters for HF sensor. S2 Table.xlIsx
- means, standard deviations, median values and interquartile
ranges for the full list of the calculated AE parameters for S
LF sensor. S LE.pdf - statistical tests for LF sensor. HF.pdf -
statistical tests for HF sensor. The dataset acquired in this study
is openly available in Zenodo [45].
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