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Abstract— Knee joint vibration signals are very useful for
computer-aided analysis of the pathological conditions in the
knee. In a vibration arthrometry test, the legs of patients with
knee joint disorders may tremble due to the reaction of pain,
which causes the baseline wander that may affect the diagnostic
decision making in medical study. This paper presents a new
type of cascade moving average filter with hierarchical layers
to remove the baseline wander in the raw knee joint vibration
signals. The first layer of the cascade filter contains two moving
averaging operators with the same order. The five tail inputs
of the first moving averaging operator are overlapping with
the beginning inputs of the successive operator. The piecewise
linear trends estimated by the moving average operators in the
first layer were smoothed in the final cascade filter output. The
simulation results showed that the cascade filter can effectively
remove the baseline wander in the raw knee joint vibration
signals.

I. INTRODUCTION

The knee joint is the largest synovial hinge joint that
is composed of the femur, tibia, fibula, patella, and four
ligaments [1]. The knee is more likely to be injured in sports
and daily activities than any other joint in the human body.

Osteoarthritis is the most common type of knee arthritis
with aging, and is characterized by progressive wearing away
of the degenerative cartilage of the knee joint [2]. Articular
cartilage is a white, smooth, connective tissue which covers
the ends of bones in joints. The stiff yet flexible nature of
articular cartilage enables bones of a joint to easily glide
over one another with very little friction. Articular cartilage
provides smooth and low-friction interaction between the
bones of a knee joint [1]. This may allow the withstanding
of pressure and weight-bearing brought about by the daily
locomotion and athletic activities. As the protective cartilage
localized on the medial and lateral articular surfaces of the
patella is worn away by osteoarthritis, bare bone is exposed
within the joint [3]. Symptoms may include swelling and
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pain when bending the knee when a cartilage injury or
osteoarthritis occurs.

Diagnosis of knee joint disorders at an early stage is
very important because the necessary surgical procedures or
therapy options can be applied to slow the degeneration of
articular cartilage [4]. The popular diagnostic techniques are
arthroscopy and medical imaging. The arthroscopy is a semi-
invasive surgical procedure to determine the prognosis and
treatment for a variety of orthopaedic conditions [5]. In the
arthroscopic surgery, physicians will insert an arthroscope
into the joint through a small incision to inspect the interior
condition of a knee. Although the arthroscopy is considered
as the “gold standard” for relatively low-risk assessment of
joint surfaces in orthopaedic prognosis [6], such a semi-
invasive approach is not very suited for routine examinations
or follow-up monitoring of the effectiveness of a therapy or
surgery [7].

The medical imaging tools used for the knee joint diagno-
sis include digital radiography, computed tomography, and
magnetic resonance imaging. Digital radiography is suited
for detection of bone injury in the knee, because the X-
ray imaging is sensitive to the high-density structure such as
femur, tibia, and other bones. X-ray imaging cannot provide
a direct appreciation of the status of the articular cartilage,
as the cartilage is not visible on X-ray images [8]. Computed
tomography is able to provide good visualization of the
intra-articular structures, contours of the condyles, and tibial
plateau surfaces. However, computed tomography fails to
characterize the functional integrity of cartilage, because this
technique can only detect the gross defects in the knee [9].
Magnetic resonance imaging, on the other hand, utilizes the
property of nuclear magnetic resonance to image nuclei of
atoms in the body. The magnetic resonance imaging is able
to provide excellent contrast between the soft tissues, which
makes it especially useful in detection of cartilage disorder
in the knee joint, compared with computed tomography or
X-rays [1]. Although the topographical maps obtained from
magnetic resonance images may assist in the characterization
of in vivo orthopaedic conditions, the anatomical images do
not support the functional detection of knee joint cartilage
sliding condition during the leg bending process.

As an alternative noninvasive method, the vibration
arthrometry by recording the knee joint vibration signals
during an active knee bending motion [4], [10], [11], can be
used in clinical practice for the diagnosis of cartilage pathol-
ogy [12], [13]. Chu er al. [14] established a microphone-
based joint auscultation system to detect cartilage dam-
age in degenerative knee joints. However, later research
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work reported that the microphone-based techniques are not
well-suited for clinical application [15], because a typical
microphone-based joint auscultation system has a limited
frequency response in the audible range, and its sensitivity
is commonly diminished by artifacts such as ambient noise
and skin friction [1]. Mollan et al. [16] then proposed using
an accelerometer, instead of a microphone, to measure joint
vibration conditions. Recently, the advances of digital signal
processing methodology have made significant progress in
the measurement and analysis of knee joint vibration signals
[71, [13], [17], [18].

In practical application, it is essential to record high-
quality knee joint vibration signals for computer-assisted
diagnostic analysis [18], [19]. However, surface recording
of the knee joint vibration signals with the accelerometer
on the subject’s patella is susceptible to several different
types of artifacts, including baseline wander, electromyo-
gram, random noise, and external interference. Sometimes,
patients with knee joint disorders may tremble the legs due
to the reaction of pain when they bending the leg in a
vibration arthrometry examination, which would cause the
baseline wander in the raw vibration signal. The artifact of
electromyogram is induced by muscular contractions during
the leg bending motion. Random noise due to the thermal
effect in the ambient cables and amplifiers is inevitable.
The major environmental interference is caused by 50 or
60 Hz power-supply lines and radio-frequency emissions
from medical devices. The signal acquisition system driven
by direct-current power supply is commonly free of the
power-line interference. The aim of the present work is to
estimate the baseline wander in the raw knee joint vibration
signals, by using a new cascade moving average filter with
a hierarchical structure.

II. METHODS

The moving average filter is a type of finite impulse
response (FIR) filter that is commonly used to analyze a
time series in the time domain. In the filtering procedure,
temporal statistics are computed using a few samples of the
signal along the time axis, and the samples in a temporal
moving window are averaged to produce the output at various
points of time [11].

The cascade moving average filter used in the present
study is a hierarchical model that combines two successive-
placed moving average operators. The first layer of the
cascade filter contains a M-order and a N-order moving
average operators, as shown in Fig. 1. The K inputs in the
tail end of the M-order operator are overlapping with the
beginning inputs of the N-order operator. The output of the
M-order operator 01 (i) is expressed as

o1(i) = x(@—1)+--+x(i—M)]

and the output of the following N-order operator o(i) can

be written as

0(i) = X(i-M+K)+---+x(i—M+K—N)]

2= 2|~

M=

x(i—M+K—n). (2)

n=1

The second hierarchical moving average is designed to
smooth the piecewise linear trends obtained from the outputs
of two moving average operators in the first layer of the
cascade filter. The final output of the cascade moving average
filter is given as

y(i) = [oi(i)+02(i)] /2
1 M 1 N
- Wn;x(i_m)Jrﬁn;x(i_M+K_”)‘(3)

By applying the z-transform, we may compute the transfer
function H(z) of the cascade moving average filter as

YO _ L w

H(Z) - X(Z) - 2M(Z + +z )+
L -M+K—-1 . —M+K—-N
+2N(Z +- 42z ),d)

where X (z) and Y (z) are the z-transform of the filter input
x(i) and output y(i), respectively.

x(7)

Fig. 1. The hierarchical structure of the cascade moving average filter.

III. EXPERIMENTS

The knee joint vibration signals tested in the experiments
were recorded by the research group of Prof. Rangaraj M.
Rangayyan from University of Calgary, Canada [10], [12].
The same data set was also investigated in our previous
studies [7], [13], [17]-[19]. According to the protocol, each
subject was request to sit on a rigid table and bend the leg
freely suspended in air. There are eighty-nine subjects re-
cruited in the experiments, including fifty-one healthy adults
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and thirty-eight patients with different knee joint disorders.
The healthy adults were tested by clinical examinations and
the patients were confirmed by medical history or arthro-
scopic surgery. A miniature accelerometer was attached at
the middle patella to record the knee joint vibration signals.
Subjects were requested to bend their legs over an angle
range of 135° to 0°, and back to 135° in 4 s [10]. The first
half of each vibration signal corresponds to leg extension
movement, and the second half to leg flexion movement. The
knee joint vibration signals were sampled at 2 kHz, and then
amplified and digitalized with 12-bit resolution per sample.

In the present study, the two moving average operators
in the first layer of the hierarchical model were with the
same structure, the orders of which were M = 20 and
N = 20, respectively. The reason for such a design was
the symmetry of the leg bending course (135°-0°-135°) in
the protocol. The number of the overlapping inputs of the
moving average operators was set to be K = 5. Figure 2
shows the frequency response of the cascade moving average
filter. The simulations of baseline wander removal in the
eighty-nine knee joint vibration signals were implemented
in Matlab version 2011b (The MathWorks, Inc.).
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Fig. 2. The frequency response of the cascade moving average filter.

IV. RESULTS

Figures 3 and 4 plot the results of baseline wander removal
in the knee joint vibration signals for a healthy control
subject and a patient (male at the age of 42) with Grade
IV chondromalacia patellae, respectively. It can be observed
from Fig. 3 (b) that the baseline wander in the normal knee
joint vibration signal presents relatively more regular in the
waveform than that in the abnormal signal shown in Fig.
4 (b). The baseline in Fig. 4 dramatically fluctuates from
1.26-1.8 s, and later from 2.2-2.7 s, which corresponds the
pathological diagnosis angle at 85-120°. The drift of baseline
in Fig. 4 (b) was the periodic power-supply interference at
60 Hz and its harmonics, but the baseline wander in Fig. 4
(b), on the other hand, was caused by the painful trembling
of the leg when the knee bent through the degenerative
joint surface. Nevertheless, the cascade moving average filter
effectively removed the drifts in the raw knee joint vibration

records, and the baselines of the process signals were located
back to the isoelectric line (the zero level).

V. CONCLUSION

Removal of the drift in the baseline is crucial for the
posterior computer-aided diagnostic analysis. The paper de-
scribes a cascade moving average filter with a hierarchical
structure in order to estimate the baseline wander in the
knee joint vibration signals. Two moving average operators
with the same order and five overlapping inputs in the first
layer were used to estimate the piecewise linear trends,
and the cascade filter output in the second layer equally
combines and smooths the outputs of the moving average
operators. The simulation experiments of filter performance
on the eighty-nine knee joint vibration signals displayed the
effectiveness of the cascade moving average filter. The future
work should direct the real-time processing of the artifacts
in the knee joint vibration arthrometry test.
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Fig. 4. Subfigures from top to bottom: the raw knee joint vibration signal of a patient (male, age: 42 years old) with Grade IV chondromalacia patellae,
the baseline wander estimated, and the baseline-wander-free signal output by the cascade moving average filter.
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