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Abstract

This study aims to explore the application of vibration stimulation for the early detection and assessment of
knee osteoarthritis severity, using a porcine knee joint. Accelerometers are attached to the femurs and tibias to
measure vibratory responses under simulated osteoarthritic conditions. Frequency response functions are generated
from the acceleration data and quantified using the root mean square deviation (RMSD) relative to baseline
conditions. To ensure the reliability of the results, a coherence filter is applied, confirming significant differences
across various stages of joint injury. The RMSD analysis demonstrates the technique's ability to detect phase
differences, particularly within the 1000 Hz frequency range. These findings suggest that vibration stimulation could
be a feasible non-invasive diagnostic method for assessing osteoarthritis severity in humans. This study highlights

the potential of vibration-based diagnostics as an innovative approach for the early detection of osteoarthritis.
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1. Introduction

Currently, osteoarthritis affects more than 300 million people worldwide and is one of the most common arthropathies in
Japan and Asia [1]. Osteoarthritis affects all joints in the body, including the knee joint, hip joint, and spine. Pain and other
symptoms significantly impact patients' daily living activities, health span, and life expectancy. It is also the leading cause of

patients requiring long-term care, resulting in significant social and economic burdens.

The knee is the most commonly affected joint, and the prevalence of knee osteoarthritis is anticipated to rise globally as
the population ages [1]. Knee osteoarthritis is characterized by pain and abnormal load distribution to the knee joint. In severe
cases, biomechanical changes can lead to difficulties in walking. Consequently, many patients with advanced osteoarthritis opt
for knee joint replacement surgery, in which the natural joint is replaced with an artificial joint. The global knee joint
replacement market is projected to reach 10.34 billion USD by 2022 [2]. The diagnosis of knee osteoarthritis typically involves
assessing the severity of the condition using X-rays or magnetic resonance imaging (MRI) [3].

X-rays do not provide sufficient visualization of the cartilage to accurately diagnose the severity of knee osteoarthritis.
However, MRI is expensive, time-consuming, and requires access to specialized, large-scale precision equipment and skilled
professionals. Additionally, although MRI scans provide detailed observation of lesions and tissue changes, they are typically
performed only after the symptoms have advanced, complicating early detection of the disease. Early detection of knee

osteoarthritis, especially in mild cases, is crucial for preventing disease progression.
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For this purpose, non-invasive, easy-to-use diagnostic equipment that is not time-consuming or expensive and can be
used regardless of location or expertise is desired. As an alternative approach, various researchers have investigated the
vibrations associated with joint sounds, often referred to as joint acoustic emissions or vibroarthrography [4]. Joint sound
analysis provides a non-invasive diagnostic method with the potential for integration into wearable devices [5]. This technique
has demonstrated success in diagnosing knee osteoarthritis, showing a strong correlation with traditional imaging methods
such as MRI and X-rays [6-7]. Additionally, recent studies have shown that certain knee injuries, such as meniscal tears, can

be distinguished from healthy knees by analyzing the acoustic emissions produced by the joint [8-9].

Despite their diagnostic potential, current joint sound analysis techniques are limited in assessing the severity of joint
damage. These limitations stem from the restricted frequency and amplitude of vibrations or sounds generated by tissue friction,
which may hinder the ability to provide a comprehensive assessment regarding the extent of damage [4]. This highlights the
importance of introducing an external source of sound or vibration. For instance, the effect of frequency on the detection of
meniscal damage or tears has been confirmed using vibration stimuli [9]. In other words, it may be feasible to estimate the
severity of knee osteoarthritis through vibration stimulation of the knee, rather than relying solely on joint sounds produced

during movement.

This study aims to determine the impact of knee osteoarthritis, including contributing factors such as meniscal injury and
cartilage softening (an early manifestation of the disease), on the frequency response functions (FRFs). To accurately diagnose
the severity of knee osteoarthritis using these non-invasive methods, examining knees with varying degrees of degeneration is
necessary. Therefore, porcine legs which share anatomical similarities with human knees are used as subjects. This approach
enables reliable and cost-effective studies, maximizing the validity of the proposed method, which is commonly employed in
certain medical devices and treatments [10]. Additionally, a frequency spectrum analysis of the porcine knee joint based on
vibration stimulation is conducted to evaluate its ability to detect structural changes. External vibrations are applied to measure
the knee joint's transmissibility at different stages of damage, and the resulting FRF data are analyzed to identify injuries. This
study hypothesizes that significant differences and effect sizes will be more pronounced at certain injury stages than at other

stages, similar to previous studies that detected meniscal injuries.

2. Methodology

Before describing the methodology, it is essential to explain certain symbols and definitions to facilitate understanding
of the subsequent methodology and equations. Ain and Aot : These represent the acceleration (A) signals, classified according
to the position of the installed accelerometer. One accelerometer is placed just above the patella on the femoral side (denoted
as ‘in”) and another on the tibial rough surface (denoted as ‘out’). A'i» and A'oy : These denote the noise-removed forms of the
acceleration signals Ain and Aqut. Finitial @and Finjury : These represent the FRFs used in the frequency response analysis. The FRF
includes seven damage states for both gain and phase. In this study, the initial state is considered the baseline, and the injury
states are collectively referred to as " injured " when expressed in the general formula. f: This denotes the frequency. Because
itisdigital, it is aninteger. The frequency resolution is set to 10 Hz and is expressed as the root mean square deviation (RMSD).
fc : This denotes the frequency center, which is the midpoint of the frequency span. £ : This represents the frequency band and

the length of one side of the span from the center of the frequency span.

Hi, Hz, and H, : These estimators are used when performing FRF. Hs is used to eliminate noise, H, is used when noise is
mixed with the signal on the output side, and Hy is used when noise is mixed with the signal on the input side, and when both
sides have mixed noise. N : This represents the time required to calculate the power spectrum. t : This denotes time. Wi, and
Wou : These represent the power spectral density of the acceleration A and Aout. Xin-out : This represents the cross-spectrum
density. Y : This represents the Fourier transform of the time-series acceleration. r? : This denotes the coherence function that

represents the correlation between the input and output signals.
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Structural health monitoring, which is widely used to estimate the state of internal injuries in mechanical structures, has
also been commonly applied to biological tissues. Some studies have estimated the injury states using a single-sensor
arrangement [11]. This approach is employed to investigate the internal knee structure of a porcine leg. This approach allowed
for experiments and analysis of the injury state using a simple structure with only two accelerometer arrangements: input and

output.

Acceleration signals measured at a sampling frequency of 1 MHz are first filtered using an infinite impulse response (IIR)
bandpass filter with a frequency range of 20-3000 Hz to remove unwanted frequency components (noise). The bandpass filter
uses a Kaiser window with a steepness of 1. The overlap is set to 10%, and the signal is time-averaged. Next, for the input and
output FRF of acceleration, an estimator Hv is used to account for the noise from both accelerometers [Egs. (1)-(4)] [12],
because the two accelerometers serve as the input and output signals. Using this method, the noise in the input and output
measurement signals can be eliminated. The coherence, which indicates the reliability and consistency of the response in the
frequency domain, is also calculated [Eq. (5)]. The motivation for this step is that by analyzing the FRF, the relationship
between the input signal (excitation) and output signal (response) can be understood, providing a foundation for subsequent

damage assessment.

Next, the RMSD (in dB) is used to quantify the differences in the FRF across injury states. The baseline is calculated
after transforming the FRF into a frequency span matrix with frequency center f; and frequency band f, to identify the different
parts of the FRF results obtained at various stages of knee injury as shown in Eq. (6) [13]. Similarly, the coherence function is
converted into a matrix and applied as a coherence filter, making all FRFs with a coherence below 0.5 per f. and f, excluded
from the RMSD calculation. In this process, the coherence matrix and coherence filtering are used to assess the reliability of
the FRF data and to screen for reliable frequency ranges.
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The center frequency f. is varied from 30 to 2990 Hz in 10-Hz increments, and the frequency band. f, is examined from
10 to 1510 Hz in 10-Hz increments. The resulting RMSD matrix is first checked for normality using the Kolmogorov-Smirnov
test on six samples [14]. Next, two RMSDs at different injury stages are compared using a two-sample technical test (t-test) to
identify significantly different frequency spans. Within the frequency range of statistical significance, effect sizes are

calculated using Cohen’s difference (Cohen’s d) to identify regions with large effects [15]. This method is selected because it
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enables a comprehensive study, as it is expected to characterize not only a single frequency but also the average of a wide
range of frequencies. The RMSD values in the selected frequency range can be considered as characteristics of the internal
structural changes in the knee, that is, the occurrence and severity of injury (categorized as healthy, damaged, or lost).
Additionally, the coherence of the FRF serves as an indicator of injury severity.
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Fig. 1 Signal processing and feature extraction diagram

Furthermore, the FRF coherence is transformed into a frequency span matrix of f; and fy, and filtered at frequency spans
above a threshold of 0.5 [16]. Although this is a unique approach, it is used to determine reliable data for frequency analysis.
Finally, a multiple comparison test (Fisher's least significant difference method) is applied to the feature portions with large
effect sizes to confirm that they are not influenced by the experimental environment [17]. The series of analysis flows are

summarized in Fig. 1.

3. Experiments

Based on the above methodology, this study aims to design a system to detect the effects of changes in the internal knee
structure on the FRF. A porcine leg is prepared as a specimen and placed in the experimental apparatus. Next, an instrument
is attached to transmit vibrations to the knee using a shaker. The knee is injured, and the same experiment is performed. The

obtained acceleration signals are analyzed. The process is described in detail in the following subsections.

3.1. Specimen preparation

Six frozen porcine hind legs, each from a 2-year-old pig, are obtained from Tokyo Shibaura Organ Co. Before the
experiments, the legs are thawed in a 20°C water bath for 12 h. Unnecessary parts are then removed to simulate the appearance
of a human knee while avoiding damage to the tissues surrounding the knee. Manual flexion-extension exercises are carefully

performed on each leg prior to data collection to ensure full thawing.

3.2. Injury simulation

In this study, seven testing stages are considered to mimic the severity of knee osteoarthritis: initial, soft tissue damage,
meniscus injury, meniscus tear, cartilage softening, cartilage injury, and cartilage loss. The testing stages are summarized in
Fig. 2. The seven test phases include meniscal injury, which causes knee osteoarthritis; cartilage softening, which is an early
symptom of osteoarthritis; and cartilage injury leading to cartilage loss. The first measurement is performed on a knee with a

complete internal structure and the data are used as references [Fig. 3(a)].
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Next, an incision is made in the soft tissue (deep into the synovial membrane) without damaging the internal structures,
and the meniscus and other structures are operated upon until they are visible [Fig. 3(b)]. The meniscus is then slightly cut
with a scalpel to simulate meniscal contusion [Fig. 3(c)]. Subsequently, the meniscus is cut further using a scalpel to simulate
a meniscal tear [Fig. 3(d)]. Care is taken not to touch the anterior or posterior cruciate ligaments. Next, papain solution is
applied to simulate cartilage softening [Fig. 3(e)]. The papain solution is prepared by activating freeze-dried papain (Papain,
Worthington Biochemical Corporation, USA) at a concentration of 5%. The papain is allowed to react for 1 hour at room
temperature. Next, to simulate cartilage wear, incisions are made in the cartilage on both the femoral and tibial sides to provide
the appearance of furrows [Fig. 3(f)]. This is performed on the entire surface, with particular attention paid to the points where
the load is applied. This condition is grade IIl in the Kellgren-Lawrence (KL) classification [18]. Finally, all cartilage on both

the femoral and tibial sides is removed [Fig. 3(g)].

KL Classification

Initial » Unprocessed knee was used as a baseline.
thoul
T Soft tissue Damage « The scalpel destroyed muscle and fat near the knee joint.
Meniscus Injury * The scalpel began to destroy the meniscus.
Grade
Meniscus Tear » The meniscus was torn and the cartilages began to come into partial contact.
Giaden | Cartilage Softening * By administration of papain soiution(proteinase).

Cartilage Injury » The scalpel incisions were made in the cartilage on both sides.

- * The cartilage was removed. The femur and tibia are now in direct contact.

Fig. 2 Steps in injury simulation using porcine legs

It should be noted that the KL classification is a criterion for assessing the severity of knee osteoarthritis based on the
joint space visible on radiographs. Meniscal injuries and tears do not significantly affect the joint space observed on
radiographs. Consequently, a one-to-one correspondence between the KL classification and the processing flow is illustrated

in Fig. 2. Additional information for each damage phase simulation is provided on the right side of the figure.

(d) Meniscus tear (e) Cartilage softening (f) Cartilage injury (g) Cartilage loss

Fig. 3 Appearance of porcine leg injury simulation
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Fig. 3 shows a macroscopic view of the simulated injury and degeneration of the porcine leg. However, because the
primary damaged areas are the cartilage and meniscus, a schematic of the coronal plane is necessary to further illustrate how
knee injury or degeneration can be simulated. To aid in understanding, Figs. 3 and 4 present a simplified version of the typical
geometry of a porcine knee, showing the femur, tibia, cartilage, meniscus, and soft tissues surrounding the entire knee joint.

2 (b) Soft tissue damage

Ty [
(g) Cartilage | (f) Cartilage injury

Fig. 4 A schematic illustrating the damage simulation inside the porcine knee
3.3 Vibration test setup

To test the vibration of the porcine legs, the legs are placed on a stand that simulates a human sitting position, with the
knees bent at 90° (Fig. 5). The sample is placed on a vibration absorption pad on the contact surface to isolate the vibration
system from the external environment. Vibrations are applied to the femoral condyles using an inertial shaker (Model 2002E,
Modal Shop Inc., Cincinnati, USA). The magnitude of the vibration is 2 V on an oscilloscope (PicoScope 4824A, Pico
Technology Ltd., Cambridgeshire, UK), the swept sine signal is incremented by 3 Hz/ms, and the sweep bandwidth is 20-3000
Hz. A uniaxial accelerometer (353B16, PCB Piezotronics, Inc., New York, USA) with a sampling frequency of 1 MHz is
placed on the patella and rough tibial surface. The accelerometer is installed with its axis perpendicular to the knee cartilage.
The accelerometer and porcine leg are secured with a proprietary belt and adjusted so that a load of 5 N is applied to the contact
points. Accelerometer signals are processed with a sensor signal conditioner (482C05, PCB Piezotronics, Inc., New York,
USA), and are measured with an oscilloscope and received using a PC application (Picoscope 7, Pico Technology Ltd.,
Cambridgeshire, UK). Oscillations are applied for 50 seconds at a time. The ethics review board of Tokyo Metropolitan

University approved the study design (approval number H5-55).

Y Signal control and
Accelerometers analysis software
!
Stand Oscilloscope
Shaker
Vibration Absorption Pad

Fig. 5 Porcine knee vibration stimulation setup
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4. Results

In the comprehensive analysis of the RMSDs for both the gain and phase, a meticulous comparison is performed between
two specific injury stages among the six identified. As illustrated in Fig. 6, the examination focused on the effect size of the
phase in the meniscal tear relative to the soft tissue damage.

Notably, the study's selected frequency range (100-1300 Hz) aligns with the parameters used in previous investigations.
Among the frequency bands that exhibited significant differences in the two-sample t-test, the application of the coherence
filter highlighted a specific band from 560 to 580 Hz with the largest effect size. This frequency span is narrower than those
reported in previous studies. The remaining spans are eliminated using a coherence filter. Emphasizing the importance of
coherence in the analysis of biological vibration stimulation, this study showed that the coherence filter excludes the entire
range of effect sizes, and thus, may be limited in assessing specific injury stages.
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with no significant difference are transparent
Fig. 6 Effect size for each frequency band

Tables 1 and 2 succinctly demonstrate all the results obtained, highlighting the unexpectedly robust effect sizes for most
phases. In the tables, the values represent the effect sizes and are unitless. The rows and columns represent the compared
damage stages. Cells corresponding to the same damage stage are left blank because only different stages are compared. There
are two possible combinations of different damage stages; however, only one is shown because the effect size is expressed as
an absolute value. Comparisons for which the two-sample t-test and coherence filter eliminated the evaluable range are denoted
by "-". Significant figures are set to decimal places.

Table 1 Maximum gain effect across frequency bands

effect size (-)

soft tissue meniscus meniscus cartilage cartilage cartilage
f, (H2) damage injury tear softening injury loss
soft tissue 1.19 1.03 1.12 1.43
damage ) [500-600Hz] | [370-390Hz] | [500-540Hz] | [750-830Hz]
meniscus 1.28 . 1.20 1.29
injury [290-310Hz] [500-540Hz] | [500-600Hz]
meniscus 1.18 1.43 1.35
tear [360-400Hz] | [420-520Hz] | [760-900Hz]
cartilage 1.12 1.41
softening [380-420Hz] | [750-830Hz]
cartilage
injury i
cartilage
loss
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The results in the tables show that, even in instances where certain ranges are lost (except when all evaluable ranges are
lost), effect sizes consistently surpassed the 0.8 threshold, underscoring a substantial effect between the various injury stages
[19]. The frequency band f, ranged from 10 Hz to 430 Hz, showing the spectrum of the strongest effect size frequency bands
that varied across different phases. Notably, for frequency spans associated with meniscal injury, cartilage loss, and cartilage

softening, cartilage injury presented wider bands, while others generally featured f, < 100 Hz.

Table 2 Maximum phase effect across frequency bands

effect size (-) | soft tissue meniscus meniscus cartilage cartilage cartilage
f, (Hz) damage injury tear softening injury loss
soft tissue 1.30 2.23 1.70 1.94 2.15
damage [90-110Hz] | [560-580Hz] | [570-590Hz] | [850-890Hz] | [810-850Hz]
meniscus 1.22 ) 1.50 141
injury [540-580Hz] [50-730Hz] [50-910Hz]
. 1.55
meniscus tear - - [780-880H7]
cartilage 1.04 1.84
softening [140-820Hz] | [820-840Hz]
cartilage 1.31
injury [50-690Hz]
cartilage loss

5. Discussion

Based on the above results, further analysis is conducted. Fig. 6 compares soft tissue damage and meniscal tears. The
meniscus is responsible for absorbing and dispersing pressure and shock from the foot. However, in terms of gain, the overall
vibration is no longer absorbed as the injury stage progresses. Which aligns with the hypothesis. In Fig. 6, the phase is shown
as an example, indicating that the speed of the vibration transmission also showed a significant change. This trend is true for
all combinations that exhibited noteworthy differences, suggesting that articular cartilage, including the meniscus, may have
partially delayed and dispersed the frequency of the impact, in addition to absorbing the magnitude of the impact itself. Related
studies have also confirmed that viscoelastic materials can disperse vibrations in the frequency range, wherein the cartilage

and meniscus are typical viscoelastic objects [20].

Another possible cause of the bandwidth eliminated by the coherence filter is insufficient power in the sweep vibration.
If the force of the shaker is increased, there is a high possibility that the coherence filter will improve; allowing for evaluation
over a wider frequency range. Because the coherence filter still has a bandwidth in which the effect can be evaluated, the
current excitation force is deemed appropriate. Conversely, the original concept of the coherence filter is considered to have
yielded good results, considering that only frequencies below 1000 Hz remained credible under the conditions of this

experiment.

A comparison of the six levels of damage showed that as noted in the results, knee injury could be evaluated with either
gain or phase, except in one case. Cartilage softening, an early manifestation of knee osteoarthritis, is challenging to detect
using the experimental technique but showed a higher effect size for gain than those for meniscal tears. In other words, early
diagnosis of knee osteoarthritis may be possible. Although this study observed changes in the same individual, this approach
cannot be applied when considering non-invasive diagnosis in humans, as baseline data cannot be collected before the changes.
Moreover, there is potential for classifying subtle differences between FRFs when data from knees at each injury stage are
collected. By identifying specific frequency bands with high effect sizes, it may be possible to determine whether the observed

differences are attributable to individual variations or are specific to the injury stage.

However, apart from the potential to emerge from this method, several limitations should be acknowledged, particularly
regarding the detection of knee osteoarthritis and related meniscal injuries. Despite the notable anatomical and biomechanical

similarities between porcine and human knee joints, significant differences in joint size, tissue composition, range of motion,
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and biomechanical limits must be considered [10]. Therefore, findings from the porcine model may not be directly applicable
to humans without further validation. Moreover, although experiments using porcine knees allow the application of varying
vibration wave frequencies and amplitudes with minimal safety concerns, human applications require careful determination of
safe and effective parameters. This adds to the complexity and limits the immediate generalizability of the results, emphasizing
the need for extensive human testing before clinical use. Additionally, the small sample size of six limits the precision of the
findings, and the observed changes are within the same individuals, baseline data from before the onset of injury are unavailable.
Further research is needed to determine whether the observed differences across the stages of injury are individual-specific or
represent generalizable features. Nonetheless, the identification of characteristic frequency bands for each symptom stage

suggests potential applicability for future research.

6. Conclusions

In this study, vibration stimulation was applied to porcine knee joints to simulate structural health monitoring and detect
changes associated with knee osteoarthritis. Acceleration data from six porcine knees, captured by accelerometers on the femur
and tibia, were analyzed across seven simulated injury stages. The results, converted into RMSDs, revealed significant
differences between injury stages, as confirmed by the coherence filter and validated through multiple comparison tests.
Despite the small sample size, this approach demonstrates the potential for detecting knee osteoarthritis and meniscal injuries.
However, further studies with larger sample sizes are necessary to determine whether the observed differences are individual-
specific or consistent across injury stages. Notably, the identification of the characteristic frequency bands for each symptom
stage indicates their potential application in future research.
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