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Mathematical modeling of vibration signals of knee
joint in the patients with knee joint disorders
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Abstract

The purpose of this study is to
define the characteristic parameters of
the vibration signals from the medial
knee joint compartment of the
osteoarthritic ~ patients.  Seventeen
normal volunteers and 58 degenerative
osteoarthritic knee patients who were

scheduled to receive total knee
arthroplasty were included in this study.
Vibration arthrometry was performed
preoperatively to every patient. The
operative findings of the medial knee
compartment was recorded regarding
the integrity of the medial meniscus,
the degree of cartilage damage of the
medial femoral condyle and medial
tibial plateau.

Spectral power ratio of 150 hz-
1350 can be used to differentiate the
integrity of the medial meniscus. For
the knee with intact medial meniscus,
the spectral power ratio of 10hz to
500hz is useful to differentiate the
integrity of the articular cartilage.

The vibration arthrometry is an
useful tool to diagnose the knee joint
disorders in the medial compartment.
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Vibration Arthrometry in the Patients with Failed
Total Knee Replacement

Ching-Chuan Jiang, Ju-Hong Lee*, and Tung-Tai Yuan

Abstract—This is a preliminary research on the vibration
arthrometry of artificial knee joint in vivo. Analyzing the vibra-
tion sigmals measured from the accelerometer on patella, there
are two speed protocols in knee kinematics: 1) 2°/s, the signal
is called “physiological patellofemoral crepitus (PPC)”, and 2)
67°/s, the signal is called “vibration signal in rapid knee motion”.
The study has collected 14 patients who had revision total knee
arthroplasty due to prosthetic wear or malalignment represent
the failed total knee replacement (FTKR), and 12 patients who
had just undergone the primary total knee arthroplasty in the
past two to six months and have currently no knee pain represent
the normal total knee replacement (NTKR).

FTKR is clinically divided into three categories: metal wear,
polyethylene wear of the patellar component, and no wear but
with prosthesis malalignment. In PPC, the value of root mean
square (rms) is used as a parameter; in vibration signals in
rapid kmee motion, autoregressive modeling is used for adaptive
segmentation and extracting the dominant pole of each signal
segment to calculate the spectral power ratios in f < 100 Hz and
f > 500 Hz

It was found that in the case of metal wear, the rms value of PPC
signal is far greater than a knee joint with polyethylene wear and
without wear, i.e., PPC signal appears only in metal wear. As for
vibration signals in rapid knee motion, prominent time-domain vi-
bration signals could be found in the FTKR patients with either
polyethylene or metal wear of the patellar component. We also
found that for normal knee joint, the spectral power ratio of domi-
nant poles has nearly 80% distribution in f < 100 Hz, is between
50% and 70% for knee with polyethylene wear and below 30% for
metal wear, whereas in f > 500 Hz, spectral power ratio of dom-
inant poles has over 30% disribution in metal wear but only non-
significant distribution in polyethylene wear, no wear, and normal
knee. The results show that vibration signals in rapid knee mo-
tion can be used for effectively detecting polyethylene wear of the
patellar component in the early stage, while PPC signals can only
be used to detect prosthetic metal wear in the late stage.

Index Terms—Cartilage degeneration, crepitus, failed total knee
replacement, knee joint, parametric modeling, patella, vibration
arthrometry (VAM).

1. INTRODUCTION

HE human knee joint may produce vibration during
flexion-extension motion, which may reflect the internal
status of knee structure. In Northemn Ireland, Mollan et al..
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had done a lot of recording, measuring, and analyzing on
vibration signals [1]-[7], and used accelerometer instead of
microphone for measuring the signals. The accelerometer
is smaller in dimension and has better frequency response,
while microphone is less sensible to low-frequency signals
and more subjective to the surroundings [3]. They found the
special signals of meniscal tear and defined the physiological
patellofemoral crepitus (PPC) signals [5] for normal knee
of human being. In Canada, Rangayyan was devoted to the
analysis of VAM signals which are generally nonstationary
in nature [8]~[15]. They divided VAM signals into locally
stationary signal segments [9]-[11] and extracted parameters,
such as autoregressive (AR) coefficients, dominant poles, and

- cepstral coefficients for classification. The research results of

Mollan and Rangnyyan had possibly made VAM a new clinical
tool for diagnosis of knee joint disorders.

The cartilage degeneration is a common cause for the aged
people who require total knee replacement. Usually, artificial
knee joint is composed of three prostheses: femur, tibia, and
patella. Femur has a extremely polished alloy metal surface.
Tibia has two parts: alloy metal baseplate and ultrahigh molec-
ular weight polyethylene top. Patella is mainly made of polyeth-
ylene, some manufacturers produce patella with a metal base-
plate. The friction interfaces of knee prosthesis in normal knee
movement are the metal part of femur and plastic part of tibia
and patella. The two materials have proper stiffness but low
surface friction coefficient to each other, can be long lasting if
properly implanted. However, wear may occur due to malalign-
ment, accidental collision or material factor, and cause the knee
pain. The wear of knee prosthesis will cause particles of ultra-
high molecular weight polyethylene and metal to penetrate into
the knee joint cavity, be absorbed by the surrounding tissue and
phagocyized. However, the human cells are unable to decom-
pose these particles, which results in rupture and death of the
cells, releasing enzymes that will decompose the bone matrix
and further cause osteolysis [16]. Metal particles not only sub-
side into the surrounding soft tissue but also circulate to the rest
of body through the lymphatic system, which may even be car-
cinogenic [17].

Currently, two methodologies are adopted for joint diagnosis:
invasive and noninvasive. The noninvasive method includes the
most popular X-ray and magnetic resonance imaging (MRI).
MRI is not able to image metal material, whereas X-ray is
merely a one-dimensional projection and unable to reflect
plastic material. Therefore, X-ray is only suitable for judging
the position of prosthesis but incapable of judging the wear
issue. Neither X-ray nor MRI is capable of making accurate
diagnosis on prostheic wear in the early stage. The alternative

0018-9294/00$10.00 © 2000 IEEE
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is the arthroscope which is invasive and requires anesthesia for
the patient in application, thus more dangerous.

The research motive is to determine whether the VAM can be
a new option for diagnosis of prosthetic wear. The hypothesis
is that the vibration signals of knee prosthesis in vivo measured
by the VAM may be significant for medical use. The purpose is
to research and develop a simple, convenient, and cost-saving
noninvasive method to provide surgeons a new alternative in
diagnosing patients with knee prosthesis wear problems.

II. MATERIALS AND METHODS

Failed total knee replacement (FTKR) can be divided into
metal wear FTKR. plastic wear of the patellar component
FTKR. and no wear FTKR but revision required due to pros-
thetic malalignment. In the study, there are 12 normal total
knee replacement (NTKR) and 14 FTKR patients. In the FTKR
group. if one of three phenomena, namely clear scratch mark
on the metal, metal stain in the joint cavity, or metal particles,
is found in the tissue after biopsy, it is called the etal wear
FTKR as shown in Fig. 1; if metal part remains smooth but
wear appears in the plastic part of the patellar component, it is
called plastic wear FTKR; if both metal and plastic parts are
intact, it is called no wear FTKR. In the selection of parameters,
the rms value of PPC signals is analyzed and AR model is
applied to analyze vibration signals in rapid knee motion. In
the mean time, adaptive segmentation is performed to make

- signals locally stationary. Moreover, the spectral power ratio
of dominant poles of signal segments is used to differentiate
NTKR and FTKR.

A. Research Subject

The research subject is mainly the FTKR patients. The
infected prostheses were not included in this study. The
total knee prostheses of the 14 FTKR patients included six
Tricon (Richard), four PCA modular knee (Howmedica), two
PCA primary knee (Howmedica) and two MG I (Zimmer)
prostheses. The size of these prostheses were either small
or medium. The patellar components of the two MG I pros-
theses were metal-backed while the patellar components
of the remaining 12 prostheses were all polyethylene. The
femoral and tibial components of all 14 FTKR patients were
noncemented. The patellar components were cemented except
the two metal-backed components. All of these 14 total knee
prostheses were of cruciate retaining design. In order to see the
possibility of VAM to be a diagnostic method for knee wear, it
is applied to FTKR patients. Prior to the total knee replacement
procedure, VAM is taken from the 14 FTKR patients, cause of
FTKR is searched and photographed during the surgery and
biopsy is done. The 14 FTKR patients are four males with
average age 70 and ten females with average age 67. Time
from the primary total knee replacement are five years for male
and eight years for female patients in average. On the other
hand, 12 patients post-operative between two and six months
form the NTKR control group including one male patient aged
64 and 11 female patients with average age 65. VAM is also
applied to the NTKR group. All FTKR and NTKR patients are
selected from the National Taiwan University Hospital.

(b)

Fig. 1. The photos of metal wear FTKR. (a) The photo of tissue biopsy
represents metal particles found in the tissue. (b) The operative findings show
metal-statned synovinum in the joint cavity.

B. Data Collection

The VAM is collected in two protocols: 1) 2°s of knee
flexion-extension motion, the signal is called “physiology
patellofemoral crepitus (PPC)”, and 2) 67%s, the signal is
called vibration signal in rapid knee motion. Biodex isokinetic
dynamometer (Biodex, New York) is utilized to help the
tested patient to swing leg by 2°/s and 67°/s. The procedure is
described as follows:

1) Collection of PPC Signals:

Step 1) Record the basic information of the tested patient.
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Step 2) Ask the tested patient to take seat on the Biodex chair
with knee in natural flexion and feet not touching the
ground.

Fasten the accelerometer and electrogoniometer.
Set the angle of Biodex machine from knee joint
extension 0° to flexion 90°.

Set the speed of machine to 2°/s.

Make sure that the signal cords are properly con-
nected and settings are the same as above. Start the
VAM.

Step 7) Advise the tested patient to attach the anterior side of
shank closely to the arm pad of the Biodex machine
to do extension and flexion of the knee.

Tum on the machine. After the tested patient has
completed several times of flexion and extension,
turn on the personal computer to record the vibration
signals.

Step 3)
Step 4)

Step 5)
Step 6)

Step 8)

2) Collection of Vibration Signals in Rapid Knee Mo-
tion: The procedure is the same as that of PPC signal except
that the velocity in Step 5 is changed to 67°/s. The choice of this
velocity is based on the recommendation of previous authors
{11].

A PCB (PCB PIEZOTRONICS, New York) accelerometer
(model: 352A22) is positioned on the skin of patella bone
center to detect signals [18]. In order to magnify the signal
measured, we use the PCB amplifier which is the same brand
as accelerometer. The working frequency range is between
0.22 Hz and 100 kHz (+5%). The PCB amplifier is called the
preamplifier, followed by AAF-3 anti-aliasing filter (Costa
Mesa, CA) which is a low-pass filter with passband equal
to 10 kHz. This can avoid the aliasing effect due to high-
frequency signal, noise, and interference. Meanwhile, it can
also increase signal-to-noise ratio (SNR). The overall gain
due to these two amplifierstis 200. We use Bakker BE490
converter (Bakker Electronic, Atlanta, GA) to digitize the
vibration signals.

There are two different protocols in this research: For PPC
signals, we use sampling rate 5 kHz and 12 bits/sample. For
vibration signals in rapid knee motion, we use sampling rate
50 kHz and 12 bits/sample. All analyses are performed on a
PC with Pentium CPU. The instrument to record knee angle is
electrogoniometer which uses the voltage difference to indicate
angle change. Fig. 2 shows the “assembly” of the devices mea-
suring signals, while Fig. 3 shows the PPC signals and the vi-
bration signals in rapid knee motion measured from NTKR and
FTKR patients.

III. ANALYSIS OF VIBRATION ARTHROMETRY

A. PPC Signal Analysis

The PPC signals are the signals measured when the knee joint
goes through a flexion-extension motion siowly at an angular
speed of 2°/s. After obtaining the PPC signals for each patient,
we compute the root mean square (rms) value of the PPC sig-
nals during a complete extension-flexion cycle, i.e., a cycle for

PCB AAF3 Bakker BE490
@ | ] Computer
Amplifier Filter A/D converter
(b)
Fig. 2. The system of VAM. (a) The signals measured by accelerometer. (b)

The signals measured by electrogoniormeter.

swinging movement of the leg from 90° (flexion) to 0° (exten-
sion) to 90°. The rms value which is related to the energy content
of a PPC signal is given by [19]

ey

where z(n), n = 1,2,..., N, are the sample values of the PPC
signal and N is the total number of sample points taken during
the cycle of slow knee motion. Based on the time-domain wave-
form and the rms of the recorded PPC signal for each patient,
we analyze the state of the knee replacement materials of the
patient.

B. Vibration Signals in Rapid Knee Motion

Due to the fact that vibration signals are emitted from the
contact and rubbing of the surfaces of knee replacement ma-
terials, the vibration signals measured during rapid knee mo-
tion may bear diagnostic information about the state of knee
replacement materials. Clearly, these signals are nonstationary
random signals in nature. Therefore, it is not appropriate to
process the signals directly using standard signal processing
techniques. However, we can divide the signals into locally sta-
tionary segments and then perform a useful signal processing
like parametric modeling on the segments. A widely used para-
metric modeling technique is AR modeling which extracts all
linearly retrievable information from the signal optimally in the
mean square sense [21].

1) AR Modeling: According to [21], let the signal samples
z(n),z(n —1),z(n — 2),.. ., represent a realization of the sta-
tionary random signal z(n). Based on the theory of AR mod-
eling, we assume that the current signal sample satisfies the fol-
lowing difference equation:

M
z(n) = — Z a(f)z{n - £) + w(n) @)

=1

where M is the order of the AR model for the random signal
z(n), a(f). £=1,2,.... M, are the AR parameters, and w(n)
is some input. In the case of knee joint vibration signals, w(n) is
totally unknown. Hence, we can approximate the current signal
sample by taking the linear combination of its past M samples.
From (2), the approximation of z(n) can be given by

N
#(n)=-_a@)z(n—-0). (3)
=1



It follows from (2) and (3) that the resulting approximation error
between z(n) and Z(n) is given by

Af
e(n) = z(n) - #(n) =z(n) + »_al)z(n-€). @)
=1

The corresponding mean squared error for z(n) is the expecta-
tion of squared error given by

MSE = E{le(n)[?}. (5)

Hence, the optimum AR parameters can be found by minimizing
(5). This leads to solving the Yule-Walker equation oiven in
matrix form as follows [20]: where r (k) = E{z*(n)z(n +
K}y k=-M+1...., -1,0,1,....M — 1, are the autocorre-
lation function of the random 51gnal x(n). Equation (6), shown
at the bottom of the page, can be efficiently solved in O(M?)

operations using the Levinson algorithm [22].
From (2), the transfer function H(z) of the AR model is given

by

H(z) = ! @

1+ ZZI a(€)z=t

It follows from (7) that the power spectral density (PSD) of the
model signal is given by

i

, ®)
1+ Zgl a(f)e—i27f¢

Pn(f) =

For processing and analyzing the vibration signals in rapid
knee motion, we utilize the AR modeling technique on each
locally stationary segment to find the corresponding AR
parameters a(¢)'s from (6). The corresponding PSD for each
signal segment is computed from (8) by passing the obtained
a(€)'s through a fast Fourier transform program followed by
inversion and squaring.

2) Adaptive Segmentation: Here, the segmentation of
vibration signals recorded in rapid knee motion is considered.
To achieve the goal of applying conventional signal processing
techniques like AR modeling technique, we need to partition
the nonstationary vibration signals in rapid knee motion into
segments which are stationary. Adaptive segmentation has been
successfully used in [9] and [15] for the analysis of nonsta-
tionary biomedical signals. Based on the procedure presented
in [9], we first estimate the PSD of the signal in a reference
window with length V. The PSD is estimated from (8) based
on AR modeling. Then, the variations in the PSD spectrum are
measured by computing the resulting model error shown by (5).
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The AR parameters obtained from the reference window are
used to model the neighboring window of N points. Finally,
the later N points are added to the reference segment if its
model error is less than a specified threshold. This procedure is
continued until the model error exceeds a specified threshold.

The proposed procedure for adaptive segmentation is sum-
marized step by step as follows.

Step 1) Take the first N points of the recorded signal and
find the corresponding AR parameters.
Take the next IV points of the recorded signal and
find the corresponding AR parameters. Using the
AR parameters, we compute the resulting model
error Ey as follows [20]:

Step 2)

L

_ 1 P(fi)
Po= 541 2 Ponls)’ ®
where f;, 1 = -L,—L +1,.... -1,0,1...., L,

are the frequency grid points uniformly distributed
in the frequency range [~7, 7], 2L + 1 is the total
frequency points used for computing the PSD. P( f)
and P,..(f) represent the PSD of the next [V points
of recorded vibration signal and the PSD of the
model signal, respectively.

Use the AR parameters obtained from Step I to
estimate the N points of the recorded signal in
Step 2. Then, compute the resulting model error £
according to

Step 3)

10
E = 2L+1 (10)

where P;,,(-f) represents the PSD of the signal esti-
mated by the AR parameters of Step /.

Compute the ratio £2. If the ratio £2 is greater than a
preset threshold a, we recognize that these two con-
secutive /N-point signals have similar stationarity.
Hence, increase the length of the signal segment by
adding the next /N points to the segment and go to
Step 2. If %l < a, a segment boundary is reached.
Then, go to Step 1 to start the procedure again at the
next signal sample.

3) Dominant Poles of AR Modeling: The poles of the
transfer function H(z) given by (7) contain useful spectral
features of the AR model signal. It is well known that the dom-
inant poles for an AR model signal represents the dominant
peaks of the signal's PSD. To analyze the vibration signals in
rapid knee motion, we utilize the dominant pole that shows the

Step 4)

ry-(0) ryz(—1) rzo(—M +1) a(l) ro-(1)
rz-(1) . rzz(—M + 2) a(2) rzz(2)

i . . = . ; (6)
rm(M - 1) rm.(O) a(M) rzz(M)
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(2)NTKR
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(c)Metal wear FTKR
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Fig. 3. (a)-(c): The PPC signals for NTKR and FTKR patients.

maximum peak of the PSD. The power of the dominant pole ~where Py ( f) denotes the PSD of the kth signal segment and f,

for the kth signal segment is given by the maximum peak frequency.
4) Spectral Power Ratio of Dominant Poles: For a recorded

Ap = Pi(fa) = max{P:(f)} (11)  vibration signal in rapid knee motion, let the number of signal
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segments after performing adaptive segmentation be K and the
total power of the kth segment be P;. Then, we have

Pl‘:ZPk(fl) k:1.2,K (12)
£

Time(sec)

7.6

(Continued.) (d)—(f): The vibration signals in rapid knee motion for NTKR and FTKR patients.

and the average segment power of the recorded vibration signal
is given by

| X
p— — P 13
P K:L;lk (13)
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From the data collection described in Section II-B, the
amount of signal samples for each patient is over one hundred
thousands. After adaptive segmentation, the number of seg-
ments is in general about several hundreds. However. some of
the signal segments may possess very small total power and,
hence, do not bear useful information for analysis. Accordingly.
it 1s appropriate to consider only the signal segments with
total power not less than a suitable threshold. To find the
suitable threshold, we perform the similar AR modeling and
adaptive segmentation on the vibration signals recorded from
the patients with NTKR. Let the average segment power for the
signal measured from the kth patient be Py .k = 1.2... ., the
threshold can be set to

T= (14)

1<
S P
k=1
where J is the number of patients with NTKR.
Assume that there are nr signal segments with segment
power not less than the threshold 7. The power of the most
dominant pole, Ax.k = 1,2,...,nr, and the corresponding
maximum peak frequency fy for each of the signal segments
are computed by using (11). Then, we define the spectral
power ratio of dominant poles for a recorded vibration signal
as follows:

~

Ricfa<ts = Lica M
1<fa<f2 Zzzl Ax

(15)
where G represents the set of the subscripts & for which the
corresponding kth signal segment has f; between f; and fs.
From (15). we note that Ry, « s, <y, is a measure regarding the
power concentration of a vibration signal in the frequency band
(f1. f2). From our study of the vibration signals in rapid knee
motion. it is observed that the power concentrations for patients
with different states of knee replacement materials demonstrate
significant distinctions. Therefore, we use the spectral power
ratio of dominant poles for analyzing the vibration signals in
rapid knee motion.

IV. RESULTS
A. Clinical Findings

The study has collected 14 FTKR patients as an experimental
group for evaluating the wear situation of the prosthesis which
are removed in surgery. We have found that the polyethylene
part of patella has worn out in two of the 14 FTKR cases. This
results in the metal-back of patellar component exposed to con-
tact with femoral component. The metal particles in tissue are
found through pathological biopsy. This is mainly caused by
metal to metal wear. There are patellar polyethylene wear being
observed in eight of 14 FTKR cases. The surface of patella is
no longer smooth. The last four FTKR cases have no wear situ-
ation occurred. The reason of revision is due to malalignment of
the prosthesis. Bony ingrowth was found in all the porous coated
surfaces of the tibial and femoral components of the 14 retrieved
total knee prostheses. No radiological evidence of implant loos-
ening was found in these patients. Various degrees of patellar

TABLE 1
THE RMSVALUES FOR ALL NTKR AND
FTKR PATIENTS

T T
The patient RA/IS(”/ 2] The patient RMé(V . )
number of FTKR sec number of NTKR sec/
metal 1 0.5860 1 0.0473
metal 2 1.7200 2 0.0318
polyethylene | 0.0376 3 0.0365
polyethylene 2 0.0479 4 0.0385
polyethylene 3 0.0366 s 0.0386
polyethylene 4 0.0367 6 0.0414
polyethylene 5 0.0427 7 0.0579
polvethylene 6 0.0374 8 0.0458
polyethylene 7 0.0413 9 0.0322
polyethylene 8 0.0533 10 0.0462
no wear ) 0.0595 oo 0.1319
no wear 2 0.0468 { 12 0.0314
no wear 3 0.0463 4}
no wear 4 0.0513 __}

subluxation were demonstrated by Merchant's view radiographs
in two metal-wear and eight polyethylene-wear patients. For
the NTKR control group consisting of 12 NTKR patients, they
were all postoperative in between two and six months. Although
the surface of prostheses cannot be directly evaluated, we have
found from the X-ray that the size of the prosthesis chosen and
the location of prosthesis placed are correct. The patients are
symptom free and are recovering well.

B. Analysis of PPC Signals

On the speed of 2°/s to detect the vibration signals, there are
no PPC signals produced in NTKR control group, pateliar poly-
ethylene wear of eight FTKR’s, and no wear of four FTKR’s as
shown in Fig. 3(a) and (b). Only the metal wear of FTKR has
caused PPC signals as shown in Fig. 3(c). Table I lists the rms
value of PPC signals for the NTKR control group. The mean
value is 0:0483. The standard deviation (SD) is 0.0274. The rms
values of the eight patellar polyethylene wear FTKR’s and the
four no wear FTKR’s are close to those of the NTKR control
group. In contrast, the rms values of the two metal wear FTKR's
are 0.586 and 1.72.

C. Analysis of Vibration Signals in Rapid Knee Motion

When knee joint movement is on the speed of 67°/s, the sig-
nals measured are called vibration signals in rapid knee motion.
Accelerometer is placed on patella to measure the vibration sig-
nals. In this study, the average segment power threshold T of
the NTKR control group is 0.0177. The SD is 0.0064. When a
signal segment has power greater than 0.0177, it is viewed as a
useful signal segment for analysis. The « value is 0.85 according
to [9]. After trying many different frequency bands of spectral
power ratio of dominant poles, we have found that Ry, <100 is
almost close to or more than 80% distribution in the NTKR con-
trol group as shown in Table II. In Table III, R¢, <100 is greater
than 80% for the no wear FTKR group and is lower than 30% for
the metal wear FTKR group. In contrast, 2, < 100 is between
50% and 70% for the polyethylene wear FTKR group. When
R¢,> 500, there is high percentage distribution found in the metal



TABLE I
THE SPECTRAL POWER RATIOS OF DOMINANT POLES FOR NTKR PATIENTS

The patient

R, amw R, 50

number of NTKR
1 80.90% 4.38%
2 78.29% 5.25%
3 81.29% 6.41%
4 80.70% 2.93%
5 80.49% 12.79%
6 79.33% 1.72%
7 76.28% 3.83%
8 77.60% 4.69%
9 81.83% 8.76%
10 85.03% 0.71%
11 77.33% 2.51%
12 80.07% 9.09%

TABLE Il
THE SPECTRAL POWER RATIOS OF DOMINANT POLES FOR FTKR PATIENTS
The patient

R/,doo RI,>500

number of FTKR
metal 1 19.22 33.13%
metal 2 25.29% 48.33%
_polyethylene 1 61.27% 12.78%
_polyethylene 2 67.18% 8.18%
_polyethylene 3 56.11% 3.00%
_polyethylene 4 57.08% 5.84%
_polyethylene 5 66.38% 8.23%
_polyethylene 6 64.35% 27.10%
polyethylene 7 54.89% 19.37%

polyethylene 8§ 61.70% 0%

no wear 1 84.63% 7.56%
no wear 2 91.05% 0.88%
no wear 3 86.57% 3.66%
no wear 4 81.84% 5.79%

wear FTKR group, for example, the percentages of two metal
wear FTKR's are 33.13% and 48.33%. However, there are no
significant distributions found in the NTKR group, the polyeth-
ylene wear FTKR group. and the no wear FTKR group.

From the distributions of Ry, <100 and Ry, 500, We observe
that in the range of f; < 100 Hz, the NTKR contro! group
has higher distribution and the no wear FTKR group has similar
result as that of the NTKR control group, the polyethylene wear
FTKR group is the second, and the metal wear FTKR group
has the lowest distribution. In contrast, for the range of f; >
500 Hz, the metal wear FTKR group has significantly higher
distribution than those of the polyethylene wear FTKR group,
the no wear FTKR group, and the NTKR control group.

V. DISCUSSION AND CONCLUSION

About the VAM of artificial knee joint in vivo, so far, there
1s no related reference reported. The study is the first one being
brought out. Due to the shortage of cases, the current results are
still not enough to establish statistical significance. It will need
more cases to support the correctness of the obtained results.
From the study. we have found that PPC signals are only
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detected in two cases of the metal wear FTKR group. All of the
NTKR control group, the polyethylene wear FTKR group, and
the no wear FTKR group have no PPC signals produced. The
production of PPC signals is caused by stick and slip phenom-
enon when the contacting surfaces of two objects are shiding
with each other. The femoral component of knee prosthesis
is made of metal material with the characteristics of smooth
surface and low friction coefficient. Patellar component is
mainly made of high molecular weight polyethylene. There are
two types of patellar component, one is all-poly and the other
is metal-back. We assume when the polyethylene of patellar
component is worn-out, and the metal-back is exposed, the
metal-back of patellar component could contact with femoral
component in which the situation destroys the smooth surface
of metal and causes “stick and slip phenomenon”. Before the
metal-back of patellar component is exposed, there is no “stick
and slip phenomenon”. Therefore, PPC signals can only be
utilized to judge whether there is metal wear in knee prosthesis,
but can not be used for the detection of polyethylene wear in
the early stage. When the PPC signals occur, it means that
metal wear already exists. Although not many metal-backed
patellar components are currently being implanted and metal
wear detection may not be important in the future, the VAM
is still a good diagnostic tool for the detection of metal wear
in those patients already implanted with metal-backed patellar
prostheses.

Although prominent vibration signals could be detected
during rapid knee motion in the FTKR patients with either
polyethylene wear or metal wear as shown by Fig. 3(e) and (f),
the vibration signals in rapid knee motion are nonstationary in
nature. For not being able to use standard signals processing
technique for analysis, we have performed adaptive segmen-
tation to convert them into locally stationary signal segments.
After trying different frequency bands of spectral power ratio
of dominant poles, we have observed that the spectral power
ratio has high percentage distribution for f; > 500 Hz and has
the lowest percentage distribution for fg < 100 Hz in the two
cases of metal wear FTKR group. This particular phenomenon
only exists in the metal wear FTKR group. For the NTKR
control group, the spectral power ratios are almost close to or
higher than 80% in distribution in the range of fg < 100 Hz.
In the eight cases of patellar polyethylene wear FTKR group,
the spectral power ratios are all smaller than 70% in the range
of f4 < 100 Hz. The result of the the four cases of no wear
FTKR group is close to that the NTKR control group when
fa < 100 Hz. The cause of revision is the prosthesis placed in
varus. Therefore, the application of vibration signals in rapid
knee motion can provide early detection to the polyethylene
wear of the patellar component. When the wear of prosthetic
joint can be detected, we are able to provide a conservative
treatment. All the eight patients with patellar polyethylene wear
had patello-femoral maltracking. Eccentric patello-femoral
contact (usually on lateral facet of the pateliar component)
could increase patello-femoral contact pressure locally and
will enhance polyethylene wear problem. Once polyethylene
wear could be detected earlier, we can take action to study the
patello-femoral tracking. In dealing with patellar subluxation,
either some conservative treatments could be prescribed, e.g.,
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knee bracing, quadriceps muscle training, or surgical inter-
ventions, e.g., lateral retinacular release, patellar realignment
procedures could bring the patellar component back to a normal
tracking, so that further polyethylene wearing on the patellar
component could be prevented. Thus, the proposed method
can prevent the wear to be more aggressive and, hence, could
prevent the need of revision knee arthroplasty afterward.

The study mainly concentrates on the patellofemoral joint
surface. About the femur-tibia joint surface, we need to place
the accelerometer on the medial side or the lateral side of tibial
tubercle to analyze vibration signals. According to the result ob-
tained in this paper, VAM may provide surgeons a new alterna-
tive in diagnosing patients with knee prosthesis wear problems.
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