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Abstract

Background: People with symptomatic hypermobility have altered proprioception however, the origin of this is
unclear and needs further investigation to target rehabilitation appropriately. The objective of this investigation was
to explore the corticospinal and reflex control of quadriceps and see if it differed between three groups of people:
those who have symptomatic hypermobility, asymptomatic hypermobility and normal flexibility.

Methods: Using Transcranial Magnetic Stimulation (TMS) and electrical stimulation of peripheral nerves, motor
evoked potentials (MEPs) and Hoffman (H) reflexes of quadriceps were evoked in the three groups of people. The
threshold and latency of MEPs and the slope of the input—output curves and the amplitude of MEPs and H reflexes
were compared across the groups.

Results: The slope of the input-output curve created from MEPs as a result of TMS was steeper in people with symp-
tomatic hypermobility when compared to asymptomatic and normally flexible people (p=0.04). There were no other
differences between the groups.

Conclusion: Corticospinal excitability and the excitability at the motoneurone pool are not likely candidates for the
origin of proprioceptive loss in people with symptomatic hypermobility. This is discussed in the light of other work to
suggest the receptor sitting in hypermobile connective tissue is a likely candidate. This suggests that treatment aimed
at improving receptor responsiveness through increasing muscle tone, may be an effective rehabilitation strategy.
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Introduction characterised by excessive motion without musculoskel-
People with a particularly large degree of joint range etal problems and is classified using the validated Beig-
of motion are classified along a spectrum. At one end, hton score [1-3]. This is a score out of nine for excessive
Asymptomatic Generalised Joint Hypermobility (GJH) is  joint motion such as hyperextending elbows and knees.
In contrast, at the other end of the spectrum is Hypermo-
bility Spectrum Disorder (HSD) and hypermobile Ehlers
Danlos Syndrome (hEDS) — together previously termed
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and pain [6, 7]. Symptomatic hypermobility is an inher-
ited connective tissue disorder [4, 8] with additional disa-
bling characteristics such as muscle weakness [9-11],
easily provoked soft-tissue injury [12—14], varicose veins,
uterine or rectal prolapse and hernias [15-18], anxiety
and fatigue [16, 18—23]. These symptoms impact function
and quality of life [11, 24, 25]. Pain has been reported to
be most commonly felt in the knees [26] and spine [27]
but usually occurs in multiple joints.

Little focus has been paid to understanding the symp-
tomatic condition [17, 28]. However, although the prev-
alence in the general population is low, the number
presenting to musculoskeletal services for treatment is
high [29-32]. This high prevalence within musculoskel-
etal healthcare together with the impact of the condition,
suggests that greater focus should be directed at under-
standing why hypermobility can be symptomatic, which
could reveal targets for treatment.

The evidence base to support treatment design is still
evolving [33-36]. However, guidelines and suggestions
for treatment are limited by the underpinning literature
[37, 38]. What is clear is that people with JHS test weak
[9-11] and therefore physical therapies include strength-
ening muscles. However, impaired mechanisms of con-
trol are also thought important as they are believed to
contribute to impairments in balance [39, 40], joint posi-
tion sense [41-43] and reduced activity levels [18, 25].
Further, reported changes to proprioception and other
mechanisms of control lead to speculation that they con-
tribute to changes in kinetics and kinematics [7, 40, 44,
45] and poor joint stability resulting in minor but repeti-
tive trauma [42, 46], which consequently could relate to
the pain. Therefore, treatments also include the training
of balance, joint proprioception [47, 48] and reaction to
perturbations [49]. Although change to joint re position
sense, perception of joint movement and muscle activ-
ity in response to perturbations have been widely inves-
tigated [18, 40, 41, 43, 46, 47, 50-52], we still do not
understand if the issue relates to dysfunction of the cen-
tral nervous system and/or dysfunction of the receptor
sitting in hypermobile connective tissue. This is because
the investigations to date incorporate an examination of
the whole of the neural pathway from receptor to mus-
cle, that includes transcortical pathways [41, 42, 47, 50].
However, the question of whether the central control dif-
fers and/or the responsiveness of the receptor sitting in
hypermobile tissue is important. This is because if central
control differs in people with symptomatic hypermobil-
ity then exercises related to challenging control can be
designed within a package of treatment. However, if the
problem with proprioception is due to receptors sitting
in slack connective tissue [53, 54], such as muscle spin-
dles sitting within lax musculature, then building muscle
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tone may be a more appropriate treatment strategy. We
therefore still need to understand if the central nervous
system excitability differs in this population.

Investigating central control through corticospinal and
spinal reflex excitability in humans has long been estab-
lished [55, 56]. Indeed, evoking spinal reflexes with elec-
trical stimulation of peripheral nerves—the Hoffmann
(H) reflex—has been used since the middle of the last
century to investigate spinal excitability [56]. Methods
of investigation of corticospinal control have been estab-
lished since the 1980s using transcranial magnetic stimu-
lation (TMS) to induce motor evoked potentials (MEPs,
[55]). Taken together the amplitude of the H reflex and
slope of its recruitment curve as well as the latency,
threshold and input-output relationship of MEPs can
give an understanding of the conduction and excitability
of both the motoneurone pool and corticospinal path-
way [57]. These long-established methods can be used to
explore control in people with hypermobility.

Therefore, the aim of this study was to investigate
whether there are differences to corticospinal and spinal
excitability in people with JHS compared to people who
are equally flexible but asymptomatic, and people who
have normal flexibility. Our hypothesis was that people
with symptomatic hypermobility would have reduced
excitability of corticospinal and reflex control in com-
parison to people with asymptomatic hypermobility and
people with normal flexibility.

Materials and Method

Participant selection

All experimental protocols were approved by National
Research Ethics Service Committee London — Harrow
(12/LO/1756). Participants were recruited from patients,
staff and students from a large hospital and university, as
well as in response to adverts directed towards members
of the symptomatic hypermobile community (Ehlers-
Danlos UK and Hypermobility Syndromes Association)
and running clubs (eg ParkRun UK). With written and
informed consent, three groups of participants who were
18 years or older were recruited. The three groups were
healthy people with a Beighton score of 3 or less out of
9 (Normal Flexibility, no knee pain (NF)); people with a
Beighton score of 4 or more but not fulfilling the Brighton
criteria (Generalised Joint Hypermobility, no knee pain
(GJH)) and finally people classified using the Brighton
Criteria who complained of anterior knee pain (Joint
Hypermobility Syndrome, plus knee pain (JHS)). The
Brighton criteria classifies hypermobile people on the
basis of major and minor criteria. Major criteria include
joint pain for longer than 3 months in four or more joints
along with a Beighton score of 4 or more out of 9. Minor
criteria include joint dislocations, hyperextensibility of
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skin and hernias. People were classified as having JHS if
they scored 2 major criteria or 1 major and 2 minor cri-
teria or 4 minor criteria [21]. Quadriceps control was
explored here as people with JHS commonly have knee
symptoms [26], which is likely to impact quadriceps
function. These classification criteria were chosen as the
data collection began before the publication of new crite-
ria for hEDS and HSD and in addition, this classification
criteria have been useful when distinguishing between
symptomatic and asymptomatic hypermobile people [11,
45]. Participants were excluded if they had any neuro-
logical disease or any medical illness unrelated to their
hypermobility such as Rheumatoid Arthritis or previ-
ous fractures. In addition, people were excluded from
the TMS study if they had history of head trauma with
concussion or associated loss of consciousness, any neu-
rological problems that include fainting, epilepsy, convul-
sions and seizures, metal implants such as surgical clips,
implanted neurostimulators, cochlear implants or pace-
maker; as well as currently taking any neuromodulatory
medication such as amitriptyline or gabapentin [58].

As this work had not been done before, a sample size
calculation was initially based upon MEP threshold dif-
ferences between patients with another musculoskeletal
problem, low back pain, and a healthy cohort. With an
approximate 10% difference in threshold and 10% stand-
ard deviation, this indicated that 20 people in each group
would be required to have 80% power at 5% significance.
The sample size calculation was repeated during an
interim analysis using our initial data after recruitment
of 36 participants, and with an 8% difference in thresh-
old and 10% standard deviation, this suggested a need to
increase the sample size to 30 people in each group [59].

Baseline characteristics including Beighton score, age,
ethnicity and sex were recorded. As previously men-
tioned, the Beighton score is a score out of nine for
excessive joint motion such as hyperextending elbows
and knees along with ability to touch the floor with the
flattened hands whilst maintaining knee extension and
hyperflexibility of the thumb and 5% finger. If they had
knee pain they were asked to complete a visual analogue
scale (VAS; 0 cm to 100 cm scale) to record their cur-
rent knee pain intensity. In order to understand the level
of activity of participants, all participants were asked to
complete The Human Activity Profile [60]. The Human
Activity Profile lists 94 activities ranging from “Getting
in and out of chairs or bed (without assistance)” to “Run-
ning or jogging 3 miles (4.8 km) in 30 min or less”. The
participant is asked to mark whether they are still doing
this activity, have stopped doing the activity or have
never done the activity. The number of activities that
the participant has stopped doing below their maximum
activity level is subtracted from their maximum activity
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level to give an Adjusted Activity Score. Leg dominance
was determined using the test outlined in Vauhnik et al.
[61].

Participants sat on an adjustable height bed with their
hips at 45 degrees of flexion and the knee in 35 degrees of
flexion with the thigh resting over a specific support. Sur-
face electromyography was used to record muscle activity
of the Rectus Femoris (RF) on the dominant leg of people
with NF and GJH who did not have knee pain or the most
painful side of participants with JHS. Disposable single-
use silver/silver chloride self-adhesive electrodes (Blue
Sensor QQ, Ambu) were placed on the dominant or painful
leg. The electrodes were positioned on the skin halfway
between the anterior superior iliac spine and the base of
the patella [62]. Electrode orientation was such that they
were parallel to the muscle fibres with an inter-electrode
distance of 20 mm. The signal was amplified (NL844,
Digitimer) and filtered (NL125/NL126, Digitimer) with a
high pass of 6 kHz and low pass of 30 Hz. Data were sam-
pled at 4000 Hz using a Micro 1401 analogue to digital
converter (Cambridge Electronic Design [CED] Ltd) and
collected using a PC with Signal software (Version 3.13,
CED Ltd).

Corticospinal investigation

To lower the threshold to evoke a Rectus Femoris (RF)
MEDP [63], participants undertook a maximum voluntary
isometric contraction (MVC) and were then required to
maintain 20% of the EMG generated at MVC during data
collection by extending their knee. This was maintained
using EMG biofeedback. TMS was applied to the hemi-
sphere contralateral to the dominant or most painful side
using a double 70 mm figure of eight coil (Bisim? Mag-
stim). The site for stimulation of the quadriceps motor
cortex (hotspot) was found by moving the coil, positioned
with the current delivered in an anterior—posterior orien-
tation and tangentially to the skull at a 45 degree angle
until the largest quadriceps MEP was elicited with the
lowest stimulus intensity. The TMS was triggered every
5 s by the analogue to digital convertor.

Participants’ active motor threshold (AMT) was then
calculated by reducing the stimulation intensity until 3
out of 6 stimulations evoked an MEP above the ongo-
ing activity [64]. Stimulus intensity was then increased
to 120% AMT and 5 stimuli were delivered. This ena-
bled the intensity at which MEP latency was measured
to be normalised between participants. Finally in order
to obtain the MEP recruitment curve, participant’s
EMG activity was recorded in response to stimulation
at an intensity of 10% below AMT. The stimulus inten-
sity was then increased in 10% increments until output
was 100% of maximum stimulator output (%MSO).
For those participants whose AMT was 70% or higher,
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MEPs were recorded in 5% increments until output
reached 100% MSO. At each percentage increment, 3
stimuli were delivered.

Reflex investigation

The anode was taped to the skin below the inguinal line
on the superior anterior thigh on the side to be tested.
A 1 ms square wave pulse was delivered using a con-
stant current stimulator (DS7A, Digitimer) through a
handheld roving cathode. The stimulus was triggered by
the analogue to digital converter with an inter-stimulus
interval of 5 s. The cathode was positioned on the skin
over the femoral triangle until a motor (M) response
was visualised. The stimulation intensity was adjusted
until the amplitude of the M response plateaued, sig-
nifying maximal motor response (Mmax). Once the
stimulus intensity to generate Mmax had been estab-
lished it was lowered until subthreshold for both the M
response and H reflex. The stimulus intensity was then
increased in 0.5 mA increments every 3 stimuli until
either the H reflex was no longer visible or the Mmax
was attained.

Data analysis

The H reflex amplitude and the MEP amplitude were
both normalised to Mmax. The normalised H reflex and
MEP amplitudes were then averaged at each stimulus
intensity. These values were used to construct recruit-
ment curves plotting the stimulus intensity against the
amplitude of the response. As the M response and the
H reflex of quadriceps were not always sufficiently sep-
arated in time, it was not possible to accurately deter-
mine the latencies of many H reflexes, therefore, these
were not reported.

Where appropriate, the data were tested for nor-
mality (Shapiro—Wilk). Sex and ethnicity were com-
pared across groups using the Chi Squared test.
The age, Beighton score, activity levels, the slope of
the upward portion of the normalised recruitment
curves, the Hmax/Mmax, the MEPmax/Mmax, the
threshold of the MEP and the latency of the MEP at
120% of active motor threshold were then compared
across the three groups using a one way ANOVA
(with Bonferroni correction for post hoc tests) or the
equivalent tests for non-normally distributed data
(Kruskal-Wallis One Way Analysis of Variance on
Ranks with Dunn’s post hoc test; SigmaPlot statisti-
cal package; Version 11.0, Systat Software Inc.). Dif-
ferences were considered significant when the p value
was <0.05. All values are reported as means =+ SD
unless otherwise stated.
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Table 1 Demographic details for three groups of participants

NF (n=30) GJH (n=30) JHS (n=30) pvalue
Age 276+6.3 27.1+£6.2 30.7£89 0.18
Sex 63.3° 80.0 93.0 0.02
Beighton 1.14+09° 59415 59417 0.001
HAP (AAS) 905485 87.1+£14.8 69.5420.8° 0.001

People with Normal flexibility, no knee pain (NF), Generalised Joint
Hypermobility, no knee pain (GJH) and Joint Hypermobility Syndrome, plus
knee pain (JHS). The percentage of females in the groups as well as the

mean + standard deviation of age, Beighton Score and Human Activity Profile
(HAP; Adjusted Activity Score (AAS)) are given

2 denotes a significant difference relative to the other two groups

Table 2 Ethnic origin of participants with Normal flexibility, no
knee pain (NF), Generalised Joint Hypermobility, no knee pain
(GJH) and Joint Hypermobility Syndrome, plus knee pain (JHS).
The number of participants is given. There was no significant
difference across the groups (p=0.89)

NF GJH JHS

White British
Other White
Black/Black British
Asian/Asian British
Mixed

Other ethnic group

9 5 6

o - O M O O —

1 1
7 6
1 0
4 3
1 3
1 1
1 1

Participant chose not to record

Results

Ninety people were recruited; their demographics are
detailed in Tables 1 and 2. Taken together, the demo-
graphics tended to match the common differences
between such groups [11], with the people with nor-
mal flexibility having a lower Beighton score than the
two hypermobile groups (p <0.001), the proportion of
women being lower in the NF (p<0.02) and the JHS
group being less active compared to the other two
groups (p<0.001). The ethnic origin of participants
varied within each group, which was similar across the
groups (Table 2; p=0.89).

The mean (+ standard deviation) severity of pain in
the knee reported using the VAS by the JHS group was
42.4 mm=£25.1 mm.

All recruited participants undertook the electrical
stimulation of the femoral nerve. However, 11 par-
ticipants were excluded from stimulation of the motor
cortex. This was due to taking neuromodulatory drugs
and/or a history of fainting (1 excluded from the GJH
group and 10 excluded from the JHS group). This left
30 participants in the normal flexibility group, 29 in
the GJH group and 20 in the JHS group who underwent
TMS.
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Typical evoked responses are illustrated in Fig. 1, which
illustrates the increase in MEP amplitude with increasing
stimulus intensity (Fig. 1A); and the increase in H reflex
amplitude with the M response evoked at a higher stimu-
lus intensity than the H reflex (Fig. 1B).

Corticospinal responses

The slope of the MEP recruitment curve differed between
groups (p=0.04). The slope of the recruitment curve for
the JHS group was steeper than those of the other two
groups, which did not differ (see Fig. 2).

This suggests greater quadriceps corticospinal excit-
ability in the JHS group. The MEPmax/Mmax (p=0.54),
MEP latency (p=0.33) and threshold (p=0.77) did not
differ between groups. See Table 3 for the details of the
results.

Reflex responses

The slope of the H reflex recruitment curve and the
Hmax/Mmax did not differ across the three groups
(p=0.32 and p=0.12 respectively; see Table 4).

Discussion

This is the first study to explore corticospinal and spi-
nal excitability in hypermobile people. We have dem-
onstrated that one aspect of corticospinal control
(excitability) was greater in JHS participants compared to
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people who have normal flexibility or asymptomatic GJH.
That is, the slope of the MEP recruitment curve is steeper
in the JHS group. All other variables of corticospinal and
spinal excitability did not differ across the groups.

Our hypothesis was that people with symptomatic
hypermobility would have reduced excitability of corti-
cospinal control in comparison to people with asympto-
matic hypermobility and people with normal flexibility.
Therefore, the increase in the slope of the MEP recruit-
ment curve was surprising and was the opposite to the
hypothesised result. We had believed that the func-
tional deficits and differences seen in proprioception
[41-43] could be related to a reduction rather than
increase in central excitability. However, this increase
in slope could be due to the ability of the central nerv-
ous system to compensate for the lack of strength,
afferent feedback and/or resultant functional instabil-
ity that people with JHS demonstrate [10, 11, 40, 46]
consequently, increasing excitability in order to impact
recruitment of the motor neurone pool. Another fac-
tor that might influence this result is the pain, which
was only being experienced by the participants with
JHS. However, the impact of pain upon corticomotor
control has been shown to be variable and may depend
upon both the origin and duration of the pain as well as
the function of the muscle [65-67]. It is therefore dif-
ficult to know if the pain here had an impact upon the

10ms

10ms

Fig. 1 Averaged evoked responses from transcranial magnetic stimulation of the quadriceps motor cortex (A) evoking MEPs, and stimulation of the
femoral nerve (B) evoking the Motor (M) response and Hoffman (H) reflex. The average responses increase in amplitude with an increase in stimulus
intensity with the intensity increasing from the bottom trace to the top. The downward arrows mark the stimuli
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Fig. 2 A grand average of the mean MEP amplitude as a proportion of Mmax against the Transcranial Magnetic Stimulator percentage output (%)
for the three populations of people with Joint Hypermobility Syndrome, plus knee pain (JHS in blue), Generalised Joint Hypermobility, no knee pain
(GJH in grey) and normal flexibility, no knee pain (NF in orange). Error bars represent the standard deviation. A line of best fit is added for each group

slope of the recruitment curve and whether that change
would impact proprioception.

Another difference that might influence this result is
that the recordings were taken from the dominant leg
of participants with NF and GJH, whereas the record-
ing was taken from the most painful side of participants
with JHS, which may or may not have been their domi-
nant side. However, this is unlikely to have influenced
the result as leg dominance has not been shown to
impact corticospinal excitabilty [68].

In relation to a difference in afferent input, it is
interesting to note that there were no differences in

Table 3 Mean+standard deviation of Motor Evoked Potential
(MEP) data from transcranial magnetic stimulation for three
groups of participants; people with Normal Flexibility, no knee
pain (NF), Generalised Joint Hypermobility, no knee pain (GJH)
and Joint Hypermobility Syndrome, plus knee pain (JHS). MEP
threshold is expressed as a percentage of the TMS output; the
MEP latency is expressed in milliseconds (ms). The maximum
amplitude of the MEP (MEPmax) is expressed as a proportion of
the maximum motor response (Mmax). * denotes a significant
difference relative to the other two groups

NF (n=30) GJH(n=29) JHS (n=20) pvalue

Slope 0.014+£001 0.014001 0.024+0.02* 0.04
(mV/%MSO)

MEPmax/Mmax 0394023 0414027 0494+030 054
MEP latency (ms) 219434  213+£27 227435 0.33
MEP threshold 61.7+£102 60.1+14.1 624+97 0.77

(%)

spinal reflex control. This negative result is important
to report as it builds on the work of others and allows
us to suggest alternative explanations as to why there
could be differences in proprioception and co-ordina-
tion of movement [42, 52, 69] despite no deficits in this
spinal control. Here, we evoked a monosynaptic spinal
reflex by stimulating the peripheral nerve, i.e. proximal
to the receptors within the muscle, thus excluding the
sensory receptors’ contribution to the response. This
suggests that one source of poor proprioception could
be as a result of the receptor sitting within hypermobile
connective tissue, which was not investigated here. An
alteration to receptor output would not be surprising as
it sits within tissue that has different extensibility and
therefore altered dynamics [53, 54, 70] summarised by
Palmer et al. [71]. It is therefore reasonable to assume
that receptors which rely upon mechanical deformation

Table 4 Mean = standard deviation of H reflex data from stimulation
of the femoral nerve of three groups of participants; people
with Normal Flexibility, no knee pain (NF), Generalised Joint
Hypermobility, no knee pain (GJH) and Joint Hypermobility
Syndrome, plus knee pain (JHS). Slope is expressed as amplitude
in millivolts (mV) per stimulus output in milliamps (mA); the
maximum amplitude of the H reflex (Hmax) is expressed as a
proportion of the maximum motor response (Mmax)

NF (n=30) GJH(n=30) JHS(n=30) pvalue
Slope (mV/mA) 350+£239 2844212 2.77+£2.12 0.32
Hmax/Mmax 056+£023 044+031 047+0.29 0.12
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to function, will have altered responsiveness, which in
turn would alter afferent activity [72-75] but would
not be picked up using the techniques here. Indeed,
alteration to afferent input may relate to a perception
of effort and central fatigue [76] that is commonly per-
ceived by people with JHS [23].

The origin of dysfunction could have clinical signifi-
cance. If the receptor rather than the central nervous
system is the origin of proprioceptive loss, it suggests
that building muscle tone to enable receptors to be
more responsive may be an effective treatment strat-
egy. Indeed, it is interesting to note that when hyper-
mobile participants who demonstrated a delayed or
absent long latency lower limb reflex were treated with
a strength programme, this normalised this response
[46]. This suggests that practicing reacting to perturba-
tions and other ‘proprioceptive’ exercises might not be
as useful as building muscle tone in order to improve
proprioception.

There are some limitations to this study. Firstly, the
ethnic diversity of the recruited participants does not
represent the diversity of a London population. Seventy
seven percent of the sample were of a white ethnic ori-
gin, whereas London’s population is approximately 60%
white [77]. Promoting equality, diversity and inclusion
in research is vital and this is particularly relevant here
when hypermobility is thought to be more prevalent in
some non-white populations. Greater focus on improved
recruitment strategies is required to change this bias
[78]. Secondly, it should be noted that some of the par-
ticipants with JHS were taking neuromodulatory medica-
tion that precluded them from having TMS. This means
that the investigation of excitability of the corticospinal
response is not appropriately powered. However, even if
the improved excitability of the corticospinal response is
false, this doesn’t change the conclusion that poor abil-
ity to control movement is unlikely to originate from
the central nervous system itself. Therefore, changing
the environment in which the receptor sits, rather than
focussing on rehabilitation that aims to excite the central
nervous system may result in improvements to motor
control.

In conclusion, bar an increase in slope of the quadri-
ceps recruitment curve of people with anterior knee
pain and JHS, there are no differences to corticospinal
or reflex control measured here. This was surprising as
poor proprioception is a factor in people with sympto-
matic hypermobility. The problem may relate to the pain
however, it may relate to receptors sitting in hypermo-
bile connective tissue. Strengthening to change the tone
of muscle and consequently, the responsiveness of some
receptors could influence proprioception and subse-
quently balance.
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