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Mechanical loading of knee articular cartilage induced by muscle
contraction can be assessed by measuring electrical potentials at the
surface of the knee
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Electroarthrography (EAG) consists of recording electrical potentials on the knee surface that originate
from streaming potentials within articular cartilage while the joint is undergoing compressive loading.
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The aim was to investigate how the contraction of specific leg muscles affects the contact force of the
knee joint and, in turn, the EAG values.

For six normal subjects, voluntary isometric muscle contractions were repeatedly conducted to
activate four leg muscle groups while the subject was lying on his back. Two EAG signals were recorded
on the medial and lateral sides of the knee, as well as four EMG signals (gastrocnemius, hamstring,
quadriceps, tensor fascia latae), and the signal from a force plate fixed against the foot according to the
direction of the force.

The EAG and force signals were very well correlated: the median of the correlation coefficients
between an EAG signal and the corresponding force signal during each loading cycle was 0.91, and 86% of
the correlation coefficients were statistically significant (po5%). Isolated muscle contraction was pos-
sible for the gastrocnemius and hamstring, but not always for the quadriceps and tensor fascia latae.
Using the clinical loading protocol which consists of a one-legged stance, the quadriceps and hamstring
EMGs showed minimal activity; loading cycles with increased EAG amplitude were associated with
higher EMG activity from the gastrocnemius, which is involved in antero-posterior balance.

These results document the role of the EAG as a “sensor” of the knee contact force and contribute to
the development of clinical loading protocols with improved reproducibility.

& 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Articular cartilage is a hydrated soft tissue covering the sub-
chondral bone which provides a low friction, wear-resistant joint
surface (Netti and Ambrosio, 2002). Cartilage degeneration, known
as osteoarthritis (OA), can cause pain, stiffness, and loss of mobility
of the joint. Techniques based on clinical symptoms, imaging and
biomarkers, are currently applied to diagnose OA (Bijlsma et al.,
2011). Cartilage degradation can develop over decades and
methods are currently lacking for detecting early stage OA, which
could help prevent, or even reverse cartilage degradation (Chu
et al., 2012).

The extracellular matrix of articular cartilage is composed of
proteoglycan trapped in a collagen network. Due to its negatively
charged glycosaminoglycan (GAG) side chains, proteoglycan
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attracts mobile cations in the fluid (Kim et al., 1995). Under equi-
librium conditions, excess cations distribute around GAGs sym-
metrically. When mechanically loaded, interstitial fluid flow drags
the excess cations and separates them from the fixed negatively
charged proteoglycan groups, thereby generating an electrical
field. This load-induced electrical field, called streaming potentials,
could serve as a sensitive indicator of collagen integrity and pro-
teoglycan loss (Buschmann and Grodzinsky, 1995; Frank et al.,
1987; Armstrong et al., 1984). It has been shown in vitro that the
sensitivity of these electromechanical characteristics to early
stages of degradation is higher than purely mechanical, bio-
chemical or histological properties (Garon et al., 2002; Légaré et
al., 2002; Buschmann et al., 1999; Bonassar et al., 1995). Recently, a
novel non-invasive technique called electroarthrography (EAG)
was proposed to assess articular cartilage and diagnose OA by
measuring load-induced electrical potentials at the surface of the
knee. The knee is mechanically loaded as the upright subject shifts
his weight from one leg to the other. A clinical study comparing
normal subjects, OA patients and patients with total knee repla-
cement, modeling studies and animal studies has supported the
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Fig. 1. Schematic representation of some forces acting on the knee joint. The base
of the gray arrows indicates the approximate insertion point of the muscles,
whereas the arrows point in the direction of the acting force. The thinner double
arrows represent the ligaments. Frontal view: vastus lateralis (VL), rectus femoris
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hypothesis that EAG signals originate only from articular cartilage
and reflect the forces applied to the cartilage and its state of
degradation (Préville et al., 2013; Han et al., 2014; Changoor et al.,
2014).

The amplitude of the streaming potentials depends on cartilage
integrity, but also on the loading conditions. Direct measurement
of the knee joint contact force has long been impracticable due to
technical limitations. Computer simulations have thus been car-
ried out to calculate the contact force using musculoskeletal
models (Shelburne et al., 2005; Adouni et al., 2012). With the
development of instrumented knee implants, in vivo loading
measurement became applicable. It was found that the contact
force measured in vivo during a one-legged weight bearing stance,
which is similar to the EAG loading technique, ranged from 2 to
3 times the body weight (Kutzner et al., 2010). Being aware of the
possible role of muscle forces, we hypothesized that muscle con-
traction can modify the contact force and, in turn, the EAG values.
The aim of this study was to test this hypothesis so as to document
the role of the EAG as a “sensor” of the knee contact force and also,
to contribute to the development of new EAG loading protocols
with improved reproducibility.
(RF), vastus medialis (VM), tensor fasciae latae (TFL), patella tendon (PT), lateral
collateral ligament (LCL), medial collateral ligament (MCL). Posterior view: medial
gastrocnemius (MG), lateral gastrocnemius (LG), biceps femoris (BF), semimem-
branous (SM), semitendinosus (ST), anterior cruciate ligament (ACL), posterior
cruciate ligament (PCL).
2. Methods

Six healthy subjects without any relevant injuries were recruited to participate
in this study (Table 1). The experimental protocol was approved by the Research
Ethics Board of our institution. Before the experiments, each subject was instructed
with respect to the experimental protocol and signed an informed consent form.

To characterize the relationship between muscle contraction and EAG, volun-
tary isometric muscle contractions were conducted to activate specific leg muscles
while the subject was lying on his back, this position ensured that the knee was
minimally loaded. Electromyogram signals (EMG) were recorded to document
specific muscle activities while a force plate was used to measure the force applied
by the foot. The stability of the knee being predominantly maintained by the
quadriceps, hamstring and gastrocnemius (Winby et al., 2009), these three muscle
groups were investigated (Fig. 1). We also investigated the tensor fasciae latae
(TFL), which is activated to keep balance when the opposite foot is lifted (Saladin,
2004). Prior to the recordings, the subjects practiced voluntary contractions. During
the recordings, the subject repeated each contraction ten times for averaging
purposes; each isometric contraction lasted for 1–2 s, followed by a 10 s rest period
to avoid cumulative fatigue. Finally, a knee loading protocol similar to the clinical
protocol used previously was applied (Préville et al., 2013), with the erect subject
shifting his weight from a two-legged stance to a one-legged stance.

An 8-channel wireless acquisition system (Bioradio 150, Clevemed Medical Inc.)
was used to measure 2 EAG, 5 EMG and 1 force signal. The EAG and force signals
were amplified with DC coupling whereas the EMG signals were amplified with AC
coupling; the sampling rate was 600 Hz with a resolution of 16 bits. The EMG
bipolar electrodes were positioned according to the SENIAM standard (Hermens et
al., 2000) over the gastrocnemius medialis (GM) and the gastrocnemius lateralis
(GL) from the calf, the biceps femoris long head (BF) from the hamstring, the rectus
femoris (RF) from the quadriceps, and the TFL on the line from the anterior spina
iliaca superior to the lateral femoral condyle in the proximal 1/6. Five pairs of
electrodes with an inter-electrode distance of 35 mmwere thus positioned, parallel
to the direction of muscle fibers. As for the EAG measurements, two electrodes
were positioned on the lateral and medial sides of the knee over the joint line
which was determined by palpation; a reference electrode was placed over the
middle of the tibia and a ground electrode was placed just below. Self-adhesive
electrodes (Red Dot, 3 M) were used and the skin under the electrode was prepared
with an abrasive paste (Nuprep) to reduce the skin-electrode impedance. A force
Table 1
Characteristics of the subjects

Subject Gender Weight (kg) Height (cm) Age

1 M 78 165 43
2 F 52 158 21
3 M 83.6 188 63
4 F 60 166 29
5 M 77 185 32
6 F 64 173 20
Mean7SD 69.1712.3 172.5711.9 34.7716.2
plate (FP-BTA, Vernier) measured the force applied by the foot during muscle
contraction, and its position varied according to each muscle.

Signal processing was carried out using user-written software (Matlab). First,
the EAG and force signals were low-pass filtered (5 Hz) to reduce noise and 60 Hz
interference. Second, the DC drift of the EAG signals originating from electrode and
amplifier offset potentials was eliminated by subtracting from the measured signals
the baseline defined by a third order polynomial for each cycle. For the EMG sig-
nals, the average of the two signals from the gastrocnemius was first computed.
The four EMG signals were then high-pass filtered (20 Hz) and fully rectified. A
low-pass filter (5 Hz) was finally used to compute the envelope.

The following statistical procedures were applied. The Pearson’s correlation
coefficients between the EAG signal and the concomitant force signal were com-
puted using all the samples during each contraction cycle. A total of 480 correlation
coefficients were thus computed. Also, average values during each cycle for the
EAG, EMG and force signals were computed during the time interval for which the
force signal was above 90% of the maximum force observed during the cycle. The
values from the 10 cycles were then averaged, representing each of the eight
channels for each subject. A one way analysis of variance with the muscle group as
a factor was applied for each of the eight variables to test the influence of the
muscle group. A post hoc Student’s t test was then used to compare specific vari-
ables. Statistical significance was tested at the po0.05 level.
3. Results

Representative EAG, EMG and force measurements during the
isolated contraction of each of the four muscle groups are shown
in Figs. 2–5. Results for the gastrocnemius contraction are shown
in Fig. 2. The force plate was fixed against the sole of the foot
(Fig. 2, top right). The supine subjects pointed their forefoot away
so that a force was applied by the plantar flexion of the foot and
then came back to the initial position after 1–2 s. The medial and
lateral heads of the gastrocnemius develop from the medial and
lateral condyles of the femur separately. Thus, when the gastro-
cnemius is contracted, the muscle group pulls the femur toward
the tibia, which increases the contact force acting on the cartilage
(Fig. 2, top left). The EAG and force signals increase and decrease
simultaneously with the EMG signal (Fig. 2, middle). The bottom
panel of Fig. 2 shows that an EMG signal was only observed in the
gastrocnemius channel.

Data acquired during hamstring contraction is shown in Fig. 3.
The force plate was placed on the table, under the heel (Fig. 3, top



Fig. 3. Isolated contraction of the hamstring. Top left, in the sagittal plane: the
lower arrow illustrates the direction of muscle force acting on the tibia and fibula,
and the top arrow represents the resulting contact force on the cartilage. The
middle and bottom panels are as described in Fig. 2, but with different scales.
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right). The subjects pressed their heel down on the force plate by
contracting the posterior part of the thigh. When the hamstring
muscles (ST, SM, BF) are contracted, they exert a force on the tibia
and the head of the fibula which pulls the tibial plateau against the
femoral condyles (Fig. 3 top left). The EAG and force signals
increase and decrease with the EMG signal (Fig. 3, middle). The
bottom panel of Fig. 3 shows that an EMG signal was only
observed in the hamstring channel.

Isolated contraction of the quadriceps generated the data
shown in Fig. 4. The force plate was fixed above the great toe
(Fig. 4 top right). The subjects tensed the quadriceps, trying to
raise their leg and pushing upward with their great toe against the
force plate. The rectus femoris and the other muscles from the
quadriceps insert to the tuberosity of the tibia through the patellar
tendon. When in tension, the quadriceps exerts force on the tibia
which pulls the tibial plateau against the femoral condyles (Fig. 4
top left). The bottom panel of Fig. 4 shows that the EMG signal
could be observed not only in the quadriceps channel but also,
with lesser amplitude, in the TFL channel. Subjects found it diffi-
cult to achieve isolated contraction of the quadriceps in this
exercise; the majority of contractions also involved the TFL. The
EAG signal from the lateral side and the force signal showed
similar patterns as the EMG signal. However, the EAG from the
medial side of the knee showed much smaller values during
contraction (Fig. 4 middle panel).

Data for an isolated TFL contraction is shown in Fig. 5. The force
plate was placed in a vertical position and fixed against the lateral
side of the measured foot (Fig. 5 top right). The subjects then
pressed the lateral side of their foot against the force plate. In this
procedure, the subjects needed to activate the TFL, which is
inserted between the two layers of the iliotibial tract and which
connects to the lateral condyle of the tibia. Hence, the TFL
Fig. 2. Isolated contraction of the gastrocnemius. Top left, in the sagittal plane: the
lower arrow illustrates the direction of muscle force acting on the condyles of the
femur and the top arrow represents the resulting contact force on the cartilage. Top
right: outline of the supine subject in the sagittal plane; the red rectangle shows
the position of the force plate; the elongated diamond represents the contracted
muscle; the red arrow indicates the direction of the force applied by the forefoot on
the force plate. Middle panel: medial and lateral EAG signals (left scale), and force
signal (right scale). Bottom panel: EMG envelope signals for the four muscle groups
(scale : 0.05 mV). (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)

Fig. 4. Isolated contraction of the quadriceps. Top left: the top arrow illustrates the
direction of muscle force acting on the tibial tuberosity of the tibia via the patellar
tendon, and the lower arrow represents the resulting contact force on the cartilage
in the sagittal plane. The middle and bottom panels are as described in Fig. 2, but
with different scales.
contraction pulls the tibia against the femoral condyles and
increases the contact force (Fig. 5, top left). In the bottom panel of
Fig 5C, we observe that the ascent and descent of the EAG and
force signals are in accordance with the EMG signal from the TFL.
In this example, the EMG signals from the other three muscles are
absent. However, most subjects found it hard to exclusively con-
tract the TFL and the quadriceps was frequently involved in this
exercise.

The mean and standard error of the averaged values of the EAG,
EMG and force signals for the six subjects is shown in Fig. 6,



Fig. 5. Isolated contraction of the tensor fasciae latae. Top left, in the frontal plane:
the lower arrow illustrates the direction of muscle force acting on the lateral
condyle of the tibia via the iliotibial band, and the top arrows represent the
resulting contact force on the cartilage. Top right: outline of the supine subject in
the frontal plane (shown from above). The middle and bottom panels are as
described in Fig. 2, but with different scales.

Fig. 6. EAG, EMG and force signals generated during contraction of each of the four
muscle groups for 6 subjects. Top panel: mean and standard error of the four EMG
channels. Bottom panel: mean and standard error of the EAG and force signals.
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showing that EAG signals can be detected during the contraction
of all four muscle groups. The EMG values show that isolated
contractions were achieved for the gastrocnemius and the ham-
string, whereas the quadriceps and the TFL were jointly activated.
Thus, during the gastrocnemius contraction, the average EMG
amplitude for the gastrocnemius was significantly higher than for
the other channels (po0.01). Similarly, the EMG for the hamstring
was higher during the hamstring contraction (po0.01). For the
quadriceps contraction, the means of quadriceps and TFL EMGs
were not statistically different, but higher than for the other two
channels (po0.01 and po0.05 respectively). As for the TFL, the
EMG values of both quadriceps and TFL were identical and larger
than for the other two channels (po0.05). The force applied on
the force plate was the greatest during gastrocnemius contraction
(po0.05), whereas the TFL generated the weakest force (po0.05).
The mean amplitudes of the EAG signals from the medial and
lateral sides were not statistically different for the different muscle
groups. The EAG amplitudes for the different muscle groups
showed no statistically significant differences.

During muscle contraction, we found that noise due to motion
of lead wires, pressure on the electrodes, deformation of the skin
under the electrodes or electrical interference could occasionally
contaminate the EAG signals. To assess these noise sources, we
computed the correlation coefficients between an EAG signal and
the force signal for all the samples during each loading cycle. We
found that the EAG and force signals were very well correlated:
the median of all the correlation coefficients was 0.91 and 86% of
the correlation coefficients were statistically significant (po0.05).

Finally, to assess the role of muscle contraction on EAG signals
generated with the clinical loading protocol (Préville et al., 2013),
we monitored the EMG and force signals in parallel with the EAG
signals during a similar protocol. To mechanically load the knee,
the subjects stood on both legs, then transferred their body weight
to their instrumented leg and finally returned to the two-legged
stance. Thus, the knee was initially pre-loaded by half of the body
weight and then further loaded to full body weight. The force plate
was placed under the foot of the instrumented leg to record the
ground reaction force. Another plate having the same thickness
was placed under the opposite foot to maintain balance. The
positions of all the electrodes were the same as during the muscle
contraction experiments. An example of the results is shown in
Fig. 7, where large variations of the EAG signals can be observed
during the successive loading cycles, with the peak amplitude of
the medial EAG ranging between 0.25 mV (4th cycle) and 0.9 mV
(10th cycle). In contrast, the change of the ground reaction force
during each loading cycle (about half the body weight) showed a
much smaller variability with values ranging between 30 and
35 kg. Therefore, another source of EAG variation was involved.
The activity of the gastrocnemius as monitored by its EMG had an
obvious impact on the amplitude of the EAG. During cycle 4, the
EMG of gastrocnemius was low and the EAG amplitude was the
lowest (Fig. 7). During the cycles 3, 5 and 7, the waveforms of the
EAG signals showed characteristic notches which did not appear in
the force channel but corresponded very well with the notches
seen in the gastrocnemius EMG (top of Fig. 7). During cycle 10, the
subject recruited not only the gastrocnemius, but also the TFL to
maintain balance, and the EAG values were the largest due to the
involvement of more muscle groups. The cycles 1, 2, 8, and
9 exhibited similar EAG values and also similar EMG values for the
gastrocnemius. The EMG signals from the quadriceps and ham-
string muscles showed almost no activity during the entire exer-
cise whereas the TFL was always activated during the one-legged
stance, with an occasional peak during the 10th cycle.
4. Discussion

The results of this study show that electrical potentials can be
generated at the surface of the knee by the isometric contraction
of different muscle groups of the leg in supine subjects, and that
these EAG signals are well correlated with the different force
signals measured at the foot of the instrumented leg. Data from
this study supported our hypothesis that muscle contraction act-
ing across the knee joint increases the contact force of the joint,
compresses the articular cartilage and generates streaming
potentials that can be measured at the knee surface. EAG can thus
be considered as a “sensor” of the knee contact force. Low fre-
quency electrical activity from muscles do not affect the EAG



Fig. 7. EAG, EMG and ground reaction force signals recorded on a standing subject
during eleven successive loading cycles. During a loading cycle, the subject stood
on both legs, then transferred his body weight onto the instrumented leg and
finally returned to the two-legged stance. The number of each loading cycle is
shown below the ground reaction force signal. The top panel shows the EAG and
gastrocnemius EMG signals corresponding to the loading cycles 3, 5 and 7.
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because the DC components of electromyograms are much smaller
than the AC components (Trimmel et al., 1989) and no significant
increase in the AC components of the EAG reflecting EMG activity
was observed during loading.

Many studies on the effects of isometric muscle contraction on
the human knee kinematics have been published. The contact
force of the tibiofemoral joint is reported to increase as quad-
riceps, hamstring or gastrocnemius muscle force are applied
(Zavatsky et al., 1994; Liu and Maitland, 2000). The contraction
force of the TFL is transmitted across the knee by the iliotibial tract
(Paré et al., 1981). However, quantification of the contact force is
challenging. In isolated muscle contraction, the contact force of
knee depends on the knee flexion angle, muscle force, insertion
point of the muscle, lever-arm and inclination of the muscle
(O’Connor, 1993).

Additionally, not only the contact force, but also the contact
pattern of the tibiofemoral joint can be changed during muscle
contraction. In full extension, with isolated quadriceps or gastro-
cnemius contractions, the knee undergoes anterior tibial transla-
tion (Li et al., 1999; Fleming et al., 2001). Conversely, posterior
tibial translation is observed during isolated hamstring contraction
(Höher et al., 1999). Loading of the iliotibial band, receiving the
insertion of the TFL, translate the tibia in the posterior direction
relative to the femur (Kwak et al., 2000). It is noteworthy that
isolated quadriceps contraction can result in a significant lateral
translation of the tibia (Li et al., 1999; Höher et al., 1999). This may
explain why the amplitude of the medial EAG during quadriceps
contraction remains relatively constant. Overall, if muscle con-
traction produces a force component parallel to the tibia plateau,
antero-posterior or rotational translation is expected.

In principle, the cruciate ligaments are loaded to balance the
shear force on the tibia plateau induced by isometric muscle
contraction (O’Connor, 1993; Pandy and Shelburne, 1997). Ante-
riorly directed force was assumed to load the anterior cruciate
ligament; and posteriorly directed force loaded the posterior
cruciate ligament (Zavatsky et al., 1994). Near extension, the
muscle groups all meet the tibia at small angles. Therefore we
consider the shearing force on the tibial plateau to be relatively
small compared to the force applied perpendicularly to the tibia
(Shelburne and Pandy, 1997).

During the one-legged stance loading protocol, body weight
was not exerted axially, but rather medially. To prevent tilting of
the femur, a lateral force is essential. Therefore, the TFL, as well as
the gluteus maximus, are involved through the iliotibial band
(Maquet, 1976). This was reflected on the EMG signals from the TFL
observed during successive loading cycles (Fig. 7, bottom tracing).
Moreover, the mechanics of this apparently simple stance are
complex and dynamic. The center of mass can be also subjected to
antero-posterior movements. When the center of mass moves
anteriorly to the ankle joint, an ankle joint plantarflexion moment
must be produced by the gastrocnemius and soleus muscles to
maintain the balance (Winter, 1995). Again, this was reflected on
the EMG signals from the gastrocnemius observed during the
successive loading cycles (Fig. 7).

One possible solution to minimize the variability of the EAG
signals measured during the one-legged stance loading protocol,
which is intended for clinical application, would involve stabilizing
the subject during the weight transfer. For example, placing the
two feet closer to each other can reduce the medial–lateral
movements. Also, the subject could lean lightly his contralateral
shoulder against a wall to replace the support provided by the TFL
contraction. In this way, the dynamic movements in both the
medial–lateral and antero-posterior directions could be reduced,
and hence the muscle activities involved in maintaining balance
and their action on the EAG.

Although this study gave valuable results, it has some limita-
tions. Firstly, it was not possible to measure muscle force directly
using the EMG. The EMG does not necessarily reflects the total
force generated by the muscle and can be influenced by different
factors such as electrode position and alignment (Al, 1997). The
contact force on the knee joint is also influenced by additional
factors including muscle strength, muscle lever-arm and type of
contraction. Hence, the force plate which was used to monitor the
force against the foot gave only an indirect estimation of the
contact force. Secondly, using surface EMG, we could mainly
monitor the superficial large muscle groups. Thirdly, the subjects
did not attain maximal voluntary contraction force to avoid the
involvement of other muscles. Therefore, the generated EMG
amplitudes and the forces were relatively small. If the subject
increased the contraction strength as much as possible, EMG
values would be detected on all channels and the EAG values were
much higher than the values generated by isolated muscle
contraction.

Due to the difficulties of measuring in vivo contact forces in the
knee joint, mathematical models or cadaver samples have been
widely used. Few experiments were conducted in vivo (Kutzner
et al., 2010). In this article, we showed that the EAG is sensitive to
the contraction of the muscles acting across the knee joint. The
EAG signal could potentially be used as an intrinsic sensor
reflecting the contact force in the knee joint. In addition, by con-
trolling this contact force through understanding and measuring
sources of contact forces, it should be possible to derive an
assessment of intrinsic cartilage electromechanical activity
reflecting its structure and function.
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