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analysis. The results show the difference in energy loss for the tissues attached
to joints with and without joint hypermobility. As the stiffness of the connec-
tive tissue decreases, the energy loss increases. Muscle activity about the ankle
was measured via electromyography during simple functional tasks, and the
recorded data were used to correlate with the theoretical analysis of the energy
loss. The result would shed light on the pathology analysis of the symptoms
such as the cause of pain.
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1. Introduction

Joint hypermobility is a condition in which a joint can move effortlessly beyond
the normal limit of motion expected for that joint. It has been reported that
hypermobile joints can be inherited or obtained by stretching or exercising over
a period of time [1] [2] [3]. For some people with hypermobile joints, it can be
considered a benign condition and even as an advantage in some professions [3].
However, for less fortunate people with such joints, they may suffer some symp-
toms such as pain and weakness and have to seek medical treatment [4].

Hypermobility may cause problems including arthritis, internal joint derange-
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ments, and soft tissue injuries [5] [6] [7]. For the hypermobile joints with symp-
toms, it is usually called joint hypermobility syndrome (JHS) [3].

Joint hypermobility is quite prevalent. It has been reported that incidence is
5% in the USA [8], 25% - 38% in Iraq [9] and 43% in the Noruba in Nigeria [10].
Many factors, including gender, age, and ethnicity, may have effect on joint
hypermobility. It has been reported that this occurs more frequently in females,
particularly those of African and Asian descents, and the hypermobility decreas-
es with age [11] [12]. For example, a survey among 12,853 UK inhabitants shows
the prevalence of JHS is 2.5 to 1 for female to male [13]. Among the 12,853 par-
ticipates, 40% complained that the pain was so severe that it affected their daily
life [13]. Despite the high incidence of JHS, the pathology studies on this issue
are still very limited [14] [15]. Researchers proposed that JHS is due to the ab-
normal encoding of connective tissue proteins, such as the abnormal ratio of
type III to type I collagen [16] [17]. JHS is defined as one of hereditary connec-
tive tissue disorders (HCDTs) [18]. It is the most common HCDT in clinical
practice and could be severe [3] [19]. The connective tissues have relatively low
stiffness or inherent laxity, which contributed to the hypermobility and symp-
toms [20].

The objective of the current work is to study the relationship between the soft
connective tissue stiffness and the energy loss of the tissue, and investigate the
effects of hypermobility on muscle activity experimentally. A differential equa-
tion model, Kelvin-Voigt model, was used for the theoretical analysis. Muscle
activity about the ankle joints of women with and without joint hypermobility
was measured via electromyography (EMG) during simple functional tasks, and
the recorded data were used to correlate with the theoretical analysis. It has been
found that as the stiffness of the connective tissues decreases, the energy loss of
the tissues increases significantly. The EMG results also showed increased co-
contraction of antagonistic muscles, which correlates to increased joint loading.
While the mechanical properties of tissues in ankle joint were used to illustrate
the effect of stiffness, the result would shed light on the pathology analysis of
JHS on any synovial joint.

2. Soft Connective Tissue Modeling
2.1. Kelvin-Voigt Model

With the soft connective tissue such as ligaments and tendons being viscoelastic
in nature, their behavior is dependent not only on the stress applied but also on
time [21]. Therefore, a differential equation model, Kelvin-Voigt model [22],
was chosen for the study. This model consists of a spring and a damper arranged
in parallel, as shown in Figure 1 and Equation (1).

de/dt-n+E-c=0 (1)

In Equation (1), E, the modulus of elasticity, indicates the stiffness of the
spring, or in this case the connective tissue stiffness. The damping coefficient n

is responsible for the time dependent aspect of the tissue’s viscoelastic behavior.
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Figure 1. The Kelvin-Voigt model used for the analysis [23].

Also in the equation, tis time and o is stress applied. Once the equation is de-
veloped, the strain ¢ can be solved as shown in Equation (2) using typical dif-

ferential equation solving procedures.

e(t)=c(t)/E-1—e &) (2)

2.2. Kelvin-Voigt Model in Modeling of Soft Connective Tissues

Biological tissue properties vary greatly depending on sex, age, and many other
factors [21]. As a result, any values chosen for the analysis were not going to be
all-encompassing. Meanwhile, because the behavior of the soft connective tissue
is not purely linearly elastic, the modulus of elasticity E is not a constant pre-
dictable value. In addition, the properties vary with the type of soft connective
tissue. While the purpose of the current study is to investigate the effect of the
stiffness on the energy loss of various connective tissues, property values for the
Achilles tendon’s were used as approximate values in Equation (2).

The median value of stiffness was assumed to be 500 MPa. The damping coef-
ficient n = 200 was chosen initially. Regarding the chosen stress, based on the
fact that an Achilles tendon with a cross sectional area of 1 cm® can bear between
500 kg and1000 kg of mass, a maximum stress of 60 MPa was chosen to be ap-
plied to the model [22]. Additionally, the maximum strain that the tissue can
take prior to damage is 10%.Since the model being developed was not intended
to reproduce rupture but to study the elastic energy lost by the tendon, the
maximum strain was chosen to be less than 10%, which would provide for nor-
mal tendon operation. Initial strain and stress conditions at t = 0 seconds were
assumed to be € = 0% and o = 0 MPa. Once the boundary conditions were cho-
sen, a set of linear equations was created to govern the increase and decrease in
stress. While realistically stress would likely not increase linearly (due to chang-
ing cross sectional area), the stress was approximated as linear for the sake of
simplicity. It should be noted that although some assumptions were used to sim-
plify the problem, the trend analysis of the effect of the stiffness on the energy
loss should be still valid.

2.3. Results and Discussion on Modeling of Soft Connective
Tissues

A MATLAB code for the simulation was developed to study the stress and strain
relationships. Stress and strain curves for stiffnesses of 1000 MPa, 500 Pa, and 25

MPa are shown in Figures 2-4, respectively. In each plot, a loading cycle of
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Figure 2. Stress and strain curves for stiffness of 25 MPa.
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Figure 3. Stress and strain curves yielded for stiffness of 500 MPa.
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Figure 4. Stress and strain curves yielded for stiffness of 1000 MPa.

stress was plotted. That is, stress increases from zero and reach a maximum of 60

MPa, then the stress decreases to zero. Because the strain is limited to less than

10%, there is no permanent deformation. When the stress returns to zero, so

does the strain. It is clear that the relationship between the stress and strain was

not linear, which was expected because the tendon is not purely elastic but has a

viscous component as well. The hysteresis loop can be seen very clearly in the

plots. Since the area under a curve on a stress-strain diagram yields the tough-

ness (or energy absorbed), the area inside the hysteresis loop yields the energy

lost due to tendon viscosity [22]. Integrating both curves and subtracting the
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area under the lower curve from the area under the upper curve yielded the elas-
tic energy loss. This means that when a load bearing activity is done with the soft
connective tissue engaged, the tissue returns a portion of the energy, but also
loses a portion imparted.

The relationship between energy loss (percentage) and the modulus of elastic-
ity is shown in Figure 5. In the figure, E changes from 25 MPa to 1000 MPa and
an exponential trend line seems to best fit the data in the plot. The trend line
equation is shown in Equation (3). It can be seen from the figure that as the
modulus of elasticity decreases (which indicates the stiffness of the connective
tissue deceases), the energy loss increases significantly. While the mechanical
properties of tissues in an ankle joint were used to illustrate the effect of stiffness,
the result would shed light on the pathology analysis of JHS on any synovial
joint. As aforementioned, for the synovial joints with HJS, the connective tissues
have relatively low stiffness or inherent laxity [19]. The relatively higher energy
loss of the connective tissue around the joints with HJS might lead to the symp-

toms such as weakness and pain.

energy loss = 48.433.e *%F 3)

3. Experimental Approach
3.1. Hypermobility and Muscle Function

To correlate with the theoretical model above, an experiment was performed to
look at muscle function of the ankle joint during functional tasks. Several factors
have been suggested as the cause of chronic ankle instability, including anatomic
instability, muscle weakness, and proprioceptive deficits. Those with joint
hypermobility syndrome experience joint movements that extend beyond the
normal range of motion, a similar symptom to those who have experienced an-
kle sprains. In many cases of instability, weakness of the peroneal muscle was
reported. The peroneus longus muscle is responsible for both eversion and
plantar flexion. Other muscles of the ankle responsible for plantar flexion in-
clude the gastrocnemius, soleus, plantaris, and the posterior tibialis. The anterior
tibialis, extensor hallicus longus, and extensor digitorum longus are the muscles

of the ankle responsible for dorsiflexion. Together, these muscles function to

Figure 5. Stress and strain curves yielded for stiffness of 1000 MPa.
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stabilize the ankle joint and also enable the motion of the ankle [24].
Hypermobile ankles exhibit a high degree of instability due to the overall laxi-
ty of the ankle ligaments. In order for a person with hypermobile ankles to com-
plete the same task as an individual without hypermobile ankles, it is expected to
find a larger number of muscles contracted. This increased contraction corre-
lates to an increased load on the ankle [25]. Thus, it is expected that a hypermo-
bile ankle generates a greater contact force due to the necessary increase in mus-
cle recruitment, which might cause the frequent symptoms of pain in JHS.
Therefore, the purpose of this experiment is to not only correlate the findings
above (that decreased tissue stiffness leads to increased work), but also to inves-
tigate the existence of co-contraction in hypermobile ankles, through electro-
myography (EMG). An electromyogram is a test that records the electrical activ-
ity of muscles. When muscles are active, they produce a voltage that is propor-

tional to the level of force generated.

3.2. Experimental Methods

For this study, the ankle function of two subjects was compared: one with hyper-
mobility, and one without. EMG electrodes were placed over the tibialis anterior
(TA), extensor digitorum longus (EDL), peroneus longus (PL), lateral gastroc-
nemius (LG) and soleus (SOL) of the left leg (Trigno; Delsys Inc., Natick MA,
USA). EMG data were acquired while the subjects performed repetitive heel
raises (ankle plantarflexion with eversion) for one minute while seated with a 20
kg weight over their knees. The repetitive motion was paced to reduce timing
variability between subjects. Subjects then performed repetitive toe raises (ankle
dorsiflexion with inversion) following the same procedures.

The raw EMG data were normalized by maximum voluntary contraction
(MVC) and RMS filtered with a 125 ms window in order to better compare the
muscle activation amplitudes between subjects. MVC normalization allows am-
plitudes to be reported in terms of percent maximum contraction for each re-
spective muscle, otherwise signals from different sensors, muscles, and subjects

would not be comparable [26].

3.3. Experimental Results and Discussion

The muscles that contribute directly to the motion of the ankle plantarflexion
with eversion task are the PL, LG, and SOL. The hypermobile subject showed
significantly less LG activation (Figure 6), but similar SOL and PL activations
compared to the normal subject. It was expected that the hypermobile subject
would use more muscle effort to perform the same task, in order to make up for
the loss in energy from the less stiff tendons. It should be noted that the hyper-
mobile subject had significantly stronger leg muscles than the normal subject,
which could account for the decrease in LG activity. However, the LG and SOL
muscles tend to generally work in unison. Since the SOL activation was not si-
milarly reduced in the hypermobile subject, this muscle may have been com-

pensating for the loss of energy. A larger study with subjects paired by strength
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Figure 6. Normalized EMG for lateral gastrocnemius during plantarflexion task.

is warranted to flush out these details, but this preliminary work shows potential
evidence of work lost by the abnormal elasticity of the Achilles tendon.

The TA and EDL muscles serve as antagonists during the plantarflexion with
eversion task. Increased activity would mean that these muscles are co-con-
tracting, which effectively increases the stiffness of the ankle during the motion
as well as the forces experienced by the ankle joint. The hypermobile subject
showed slightly increased TA activity and significantly higher EDL activity dur-
ing this task (Figure 7). This result indicates that the hypermobile subject is re-
lying on co-contraction for this task, which could explain the tendency for pa-
tients with JHS to experience joint pain and develop osteoarthritis.

The muscles that contribute directly to the motion of the ankle dorsiflexion
with inversion task are the TA and EDL. For this task, all muscle activations
were similar between subjects, except for the PL, which was significantly higher
for the normal subject (Figure 8). These results suggest that this task did not
cause problems for the hypermobile subject, and this subject also showed less
tendency to stabilize the motion with co-contraction than the normal subject.

To summarize, this preliminary experiment showed potential evidence that
certain muscles require more activity to make up for the loss of work when
hypermobility is present. The results also showed evidence of co-contraction to
stabilize the hypermobile joint during certain functional activities. These results
were evident in the plantarflexion with eversion task, but not in the dorsiflexion
with inversion task. Further work should be completed with a larger subject
population to rule out differences between these two particular subjects. Further
investigation should also be made into different functional activities that might
elicit more detrimental effects of joint hypermobility.

4. Conclusions

In this paper, the Kelvin-Voigt model has been adopted to study the relationship
between energy loss and the stiffness of soft connective tissues in synovial joints.
The results showed that as the stiffness of the connective tissue decreases, the
energy loss increases. While connective tissues of hypermobile joint have rela-
tively low stiffness, more energy loss of connective tissues was predicted. To

correlate with the theoretical analysis, preliminary experiments have been per-
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Figure 7. Normalized EMG for extensor digitorum longus during plantarflexion task.
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Figure 8. Normalized EMG for plantaris longus during dorsiflexion task.

formed, which showed potential evidence that certain muscles require more ac-

tivity to make up for the loss of work when hypermobility is present. The results

also showed evidence of co-contraction to stabilize the hypermobile joint during

certain functional activities. Further work should be completed with a larger

subject population with different functional activities.
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