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Abstract The objective of this study was to examine the

effect of experimental knee-related pain on postural con-

trol. Twelve healthy subjects stood as quietly as possible on

a movable force platform (that measured the centre of

pressure and provided fast perturbations) before, during,

and after experimental knee-related pain. Lower limb

electromyographic (EMG) activity and joint angles were

measured. Experimental pain was induced by injecting

hypertonic saline into the infrapatellar fat pad (unilateral

and bilateral) and isotonic saline was used for control

sessions. Compared with the baseline and control sessions,

unilateral and bilateral knee-related pain during quiet

standing evoked (1) an increased sway displacement in the

anterior–posterior direction (P \ 0.05), (2) larger knee

flexion (P \ 0.05), and (3) larger EMG changes. Bilateral

pain also induced (1) larger medial–lateral sway displace-

ment and speed (P \ 0.05) and (2) larger left hip flexion

(P \ 0.05). During forward perturbations, subjects leaned

forward during both painful conditions when compared

with baseline (P \ 0.05). The additional impairment by

bilateral pain suggests that the non-painful limb in unilat-

eral pain conditions compensates for the impaired postural

control. These results show that knee-related pain impairs

postural stability during quiet standing, indicating the

vulnerability of patients with knee pain to falls. This

measure could potentially help clinicians who seek to

assess how pain responses may contribute to patient’s

postural control and stability during quiet standing.
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Introduction

Pain in elderly population has been estimated to be

10–71% (McAlindon et al. 1992). Osteoarthritic (OA) pain

around the knees is one of the most common pain condi-

tions (Davis 1988; Felson 1988) with potential impaired

knee proprioception and postural stability (Hinman et al.

2002; Messier et al. 2002; Wegener et al. 1997) and,

consequently, an increased risk of falling (Blyth et al.

2007; Foley et al. 2006; Leveille et al. 2002; Yagci et al.

2007).

The main task in postural control is to maintain the

body’s projection of the centre of gravity (COG) within the

base of support delimited by the feet, therefore maintaining

upright posture. Once beyond the base of support bound-

aries, the COG position generates forces that destabilize the

body and, therefore, requires additional strategies to avoid

falls. In general, healthy subjects easily recover their bal-

ance after destabilization of the body; however, in the

presence of pain, healthy subjects and patients showed

impaired postural control, mainly reflected by increased

body sway (Blouin et al. 2003; Corbeil et al. 2004; Foley

et al. 2006; Hirata et al. 2010, 2011; Pradels et al. 2011;

Vuillerme and Pinsault 2009).

Although several studies have shown that pain impairs

balance in knee OA patients (Hinman et al. 2002; Wegener

et al. 1997), alleviation of pain by anaesthetising the knee

joint of these patients does not improve balance (Hassan
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et al. 2002). These controversial pain-related effects

illustrate the complex scenario in knee OA patients, where

the pain effects in association with additional confounding

factors (structural changes in the joint, loss of muscular

strength and proprioceptive impairments) impair balance

(Hassan et al. 2001). It is also important to note that

anaesthetising the joint will diminish the proprioceptive

information from the knee which may also affect the bal-

ance. Efforts have been made to understand how the

presence of pain per se around the knee joint changes

postural control in healthy subjects by injecting hypertonic

saline in muscles around the knee joint (Hirata et al. 2011)

and in the infrapatellar fat pad (Bennell et al. 2004, 2005;

Bennell and Hinman 2005; Hodges et al. 2009). The inf-

rapatellar fat pad pain model is a good proxy for knee pain

since the pain location is close to the medial part of the

knee (Bennell et al. 2004). Additionally, this model allows

one to understand the isolated effects of pain in a healthy

system, where patients have other confounding factors,

such as loss of strength, flexibility and mobility, interact-

ing with pain effects when controlling posture (Wegener

et al. 1997). Experimental muscle pain around the knee

joint impaired postural control in healthy subjects,

potentially indicating the importance of this joint in con-

trolling posture (Hirata et al. 2011). However, only Ben-

nell and Hinman (2005) tested the effect of experimental

non-muscular knee-related pain on postural stability. The

authors applied unilaterally experimental infrapatellar fat

pad pain during quiet standing and external postural per-

turbations, eliminating possible confounding factors due

to experimental pain (hypertonic saline) applied in the

muscle tissue, such as excitation of other axons due to

changes in intramuscular ion concentration or simply

changes in muscle activity to avoid pain provocation

during contraction (Hodges et al. 2009). No differences in

the sway pattern during quiet standing or in the postural

responses to floor perturbations were reported. The

potential compensatory effect provided by the non-painful

leg was a possible explanation for the absence of changed

postural stability but was excluded by the authors. Clini-

cally, most patients with knee OA report pain in both knees

(White et al. 2011), and bilateral experimental infrapa-

tellar fat pad pain could therefore provide a better under-

standing of the complex impaired behaviour of patients

with knee OA when controlling the upright stance. Fur-

thermore, most of falls happens when balance is chal-

lenged (Winter 1995) and therefore it is relevant to assess

how bilateral knee-related pain affects body reactions after

perturbations.

The aim of the present study was to investigate the

effect of experimental infrapatellar fat pad pain (unilateral

and bilateral) on postural sway (1) during quiet posture and

(2) stability after controlled perturbations.

Methods

Subjects

Twelve healthy subjects (2 women) participated in this

study. None of the subjects reported muscular, neurological,

or other impairments that could affect postural control. The

subjects were on average (standard deviation) 27 (5) years

old and 177 (8) cm tall, and had 72 (13) kg of body mass.

Subjects were given a detailed verbal explanation and

signed an informed consent form. The study was conducted

in accordance with the Helsinki Declaration and was

approved by the local Ethics Committee (VN 20080022).

Protocol

This experiment was randomized, blinded, and placebo-

controlled, and separated in two sessions (days) with at

least 1 week between sessions. Four different experimental

interventions were included (two in each session/day).

Each session included six trials consisting of 1 min of quiet

standing followed by ten random perturbations. The first

and fourth trials served as the baseline recording for the

following two trials defined as ‘during’ and ‘post-pain’

interventions (saline injection into the infrapatellar fat

pad). Each intervention was separated by at least 1 h, and

its corresponding post-pain trial was not initiated until the

pain from the previous intervention had vanished (VAS

equal to 0).

Subjects stood on a movable force platform that could

be translated quickly. Each trial began with recording of

1 min of quiet standing, and subsequently, ten translations

of the force platform were imposed. The translations of the

force platform were randomly assigned (5 forward and 5

backward, 10 cm displacement with a velocity of 25 cm/s)

and applied once every 15 s, although the exact timing was

varied to reduce subject’s anticipation (±5 s). The force

platform remained in the translated position for 10 s, after

which the platform returned to its initial position at a

velocity of 2 cm/s. The subjects were instructed to ‘stand

as quietly as possible’ while looking at a fixed point (cross

10 9 10 cm) located 4 m in front of them. They were

instructed to recover their balance as fast as possible after

the perturbation and could take a step if necessary to avoid

a fall.

The centre of pressure (COP), ankle, knee, and hip

angles, and bilateral surface electromyography (EMG)

from back and leg muscles were recorded or calculated.

Experimental muscle pain

Injections of sterile hypertonic saline (0.2 ml, 6%) or iso-

tonic saline (0.2 ml, 0.9%) were administered in the right

2512 Eur J Appl Physiol (2012) 112:2511–2521

123



or both (left and right) infrapatellar fat pads: (1) bilateral

hypertonic injection (each injection separated by 5–10 s),

(2) bilateral isotonic injection (each injection separated by

5–10 s), (3) unilateral (right knee) hypertonic injection,

and (4) unilateral (right knee) isotonic injection. During the

injection, the subjects remained seated on a chair with the

knees flexed at 908. After the fat pad region was palpated, a

25-gauge needle mounted in a 1-ml syringe was inserted at

an angle of 45� in a superolateral direction to a depth of

approximately 10 mm (Bennell et al. 2004). The subjects

were submitted two different injection paradigms per day,

and the order of injections was randomized and blinded

(type of saline) to the subject.

The experimental pain intensity was assessed on a

10-cm electronic visual analogue scale (VAS) with an

external handheld slider to adjust the scale. The VAS was

anchored with ‘no pain’ and ‘maximum pain’, 0 and

10 cm, respectively. The signal from the VAS was recor-

ded during the entire trial (sample frequency of 1 Hz). The

mean VAS score for the 1 min of quiet standing and 15 s

during the perturbed trials was extracted. The subjects were

asked to update the VAS score only between trials where

no data were acquired until the next warning signal was

triggered. In this way, movements from the VAS slider did

not affect the postural sway measurements. Furthermore,

after completion of each painful condition, the subjects

were asked to score the average pain intensity on the VAS

for each knee and to report if the pain was located around

the knee join, shank or thigh.

Centre of pressure

The subjects stood barefoot and adopted a standard posi-

tion with their feet comfortably positioned side-by-side

(about shoulder-width apart), while standing on the

moveable force platform (Doornik and Sinkjaer 2004). The

position of the feet was marked with tape to ensure that the

subjects always used the same position over all trials. The

arms were positioned in front of the body, and both hands

held the slider for the VAS.

The ground reaction forces and torques were used to

calculate the COP position. The ground reaction forces and

torques were recorded with a moveable force platform

(AMTI, USA), amplified, low-pass filtered at 10 Hz, and

sampled at 1 kHz. For the quiet standing and posture per-

turbation condition, sway displacement and speed in both

directions (anterior–posterior and medial–lateral), sway

area (Takagi et al. 1985), and the distance from the mean

COP position (both directions) in relation to the baseline

COP position were estimated. Sway performance in the

anterior–posterior direction after perturbation was esti-

mated using the time returning to an equilibrium position

proposed by Horak et al. (1989) where the time returning to

an equilibrium point was identified as the time point when

the COP changed the displacement direction, i.e. provoking

a peak in the sway displacement that was identified auto-

matically. Furthermore, during perturbations the COP

range and COP speed were calculated. Using a time win-

dow of 5 s (starting from 500 ms before the perturbation

onset) the mean COP position in the anterior–posterior

direction was estimated.

EMG recordings

Surface EMG was recorded bilaterally with bipolar pairs of

electrodes (Neuroline 72001-k; AMBU, Denmark) from

the tibialis anterior, medial gastrocnemius, soleus, vastus

lateralis, vastus medialis, biceps femoris, and erector

spinae muscles. The electrodes were placed in the direction

of the fibres, after the skin was prepared (shaved and

cleaned), according to the SENIAM recommendations

(Hermens et al. 2000). The EMG signals were amplified

with a gain of 2,000 (EMG-USB, LISiN; OT Bioelettron-

ica, Turin, Italy), band-pass filtered (4th order Butterworth

filter, bandwidth 10–450 Hz), sampled at 2,048 Hz, and

A/D converted to a 12-bit representation. The EMG signals

were full-wave rectified and low-pass filtered (Butterworth,

2nd order, 10 Hz cut-off frequency) to generate the

enveloped EMG signal.

For quiet standing posture (50 s, the first 5 and last 5 s

were discarded), the root-mean-square (RMS) value was

extracted from the enveloped EMG signal. In the perturbed

standing posture (the first 4 s from each of the 10 pertur-

bations), the RMS value, peak-value, onset, and time to

peak activity were extracted from the enveloped EMG

signals. The time to activation onset was extracted auto-

matically and identified when the activation exceeded the

threshold of two standard deviations from the pre-pertur-

bation RMS value (5 s preceding the perturbation). In

addition, it was required that the activation be sustained

above the threshold for 25 ms. For comparison between

multiple sessions, the EMG data were normalized to the

baseline values of each session. For both conditions, quiet

standing and perturbed standing, the integrated EMG

(iEMG) was calculated in its respective window (same as

used for RMS) using a trapezoidal function on the envel-

oped EMG.

In addition, for each muscle the absolute percentage

iEMG difference between the pain and the baseline con-

dition was extracted (deltaEMG), and these were averaged

across all muscles for each subject (defined as total-

deltaEMG). Pain leads to adaptations in multiple levels of

the motor system, such as changes in the excitability of the

cortex, afferents, and efferent neurons (Hodges and Tucker

2011). The final motor output in presence of pain is

dependent of all these changes and may vary between
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individuals. The deltaEMG accounts for the individual

muscular activation changes according to the baseline

condition, although it does not allow an increase to be

distinguished from a decrease in the muscular activation.

Joint angles

Twenty-six reflective markers were attached bilaterally to the

lower limb (pelvis, femur, tibia/fibula, and foot) according to

descriptions by Cappozzo et al. (1995), acquired (sampling

rate of 500 Hz) by eight infrared cameras (Oqus, Qualysis

Motion Capture System, Sweden), and digitalised (Motion

Track Manager, version 2.5, Sweden). The joint angles in the

joint coordinate system were calculated bilaterally for the hip,

knee, and ankle joints (Grood and Suntay 1983; Wu et al.

2002). The signals were low-pass filtered (5 Hz), amplified

(1,000–10,000), and sampled at 1 kHz. The joint angle

velocity and acceleration were extracted as the first and second

derivative of the joint angle position, respectively, after

additional low-pass filtering (5 Hz) for each derivation. For

the quiet standing, the mean angular position and mean

velocity were calculated. Additionally, for the perturbed

standing, range of motion, maximum angular speed, and time

for maximum angular speed were also extracted. The ankle

joint was normalized at 90�; positive values represent dorsal

flexion, and negative values represent plantar flexion. For the

knee joint, 180� was used as the reference to normalize the

angles; positive values represent knee flexion, and negative

values are knee extension. Positive values in the hip joint

represent flexion in relation to a 180� reference, and negative

values represent extension.

Statistics

Only perturbation trials where subjects lost the balance and

took a step to avoid falling were excluded from the analysis.

The data are presented as the mean and standard error of the

mean (SEM). A two-way repeated measurement analysis of

variance (RM-ANOVA) was used to analyse all sway and

joint position parameters. The first factor was the injection

paradigm with four levels (bilateral hypertonic, bilateral iso-

tonic, unilateral hypertonic, and unilateral isotonic). The

second factor was time with three levels (before, during, and

post-pain). For EMG parameters, two-way RM-ANOVA was

used for each muscle with the same factors as above. For the

total-deltaEMG parameter, two-way RM-ANOVA was used

with the first factor with four levels (bilateral hypertonic

injection, bilateral isotonic, unilateral hypertonic, and unilat-

eral isotonic) and the second factor with two levels (during

pain and post-pain conditions). When the VAS data were

analysed, the second factor was time with ten levels (pertur-

bation). In the case of a significant RM-ANOVA, the New-

man–Keuls (NK) post hoc test was used to perform multiple

comparisons. Pearson’s correlation analysis was performed

between the pain intensity scores and the variables that were

significantly affected during the pain conditions. Significance

was accepted at P \ 0.05.

Results

Pain perception

All painful injections induced pain around the knee join.

The pain intensity (VAS scores) after the unilateral and

bilateral hypertonic saline injections was higher than the

control saline injections during quiet standing (Fig. 1a;

RM-ANOVA: F(3,33) = 10.9, P \ 0.001; NK: P \ 0.01)

and perturbations (Fig. 1b; RM-ANOVA: F(3,33) = 13.1,

P \ 0.001; NK: P \ 0.01) with no interactions between the

perturbations (time) and the injection paradigm, meaning no

difference in pain intensity over time. Additionally, there

was no difference in the pain intensity between unilateral

(average VAS 4.8 ± 0.9 cm) and bilateral (4.5 ± 0.6 cm

for the right knee and 4.2 ± 1.3 cm for the left knee)

hypertonic saline injections.

Centre of pressure

Representative data can be seen in Fig. 2a. Compared with

the baseline and control conditions, both painful conditions

(unilateral and bilateral) increased medial–lateral sway

displacement during the quiet standing task (Table 1;

RM-ANOVA: F(6,66) = 3.5, P \ 0.01; NK: P \ 0.01). The

bilateral painful injection also increased the sway speed in the

medial–lateral and anterior–posterior directions (Table 1;

RM-ANOVA: F(6,66) [ 2.3, P \ 0.04; NK: P \ 0.01). The

mean COP position relative to the baseline COP position in

the medial–lateral direction was significantly shifted toward

the left foot during the unilateral painful condition (right)

compared with the other conditions (Table 1; RM-ANOVA:

F(3,33) = 6.27, P = 0.002, NK: P \ 0.01). Due to insuffi-

cient data, one subject had to be excluded in the sway anal-

yses during perturbations. During forward perturbation, the

mean COP position was shifted forward compared with

baseline conditions for both painful conditions and control

injection for bilateral painful condition (Fig. 3; RM-ANOVA:

F(6,60) = 2.25, P B 0.05, NK: P \ 0.05).

Muscle activity

Although 12 subjects participated in the study, three had to

be excluded in the EMG analyses due to insufficient or

corrupted data, leaving the EMG analyses with nine sub-

jects. Analysis of the iEMG values across subjects did not

reveal a consistent pattern in the muscle activity (e.g. no
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individual muscle showed increased muscle activity due to

pain). However, during the quiet standing posture the total-

deltaEMG (i.e. the average across all muscles of absolute

EMG changes from baseline) was higher during bilateral

painful injections when compared with the control and post-

pain conditions (Fig. 4; RM-ANOVA: F(3,24) = 6.59,

P \ 0.01; NK: P \ 0.05). Additionally, both tibialis anterior

muscles showed higher deltaEMG during the bilateral

hypertonic (painful) injection when compared with the post-

pain and isotonic (control) injection (Table 2; RM-ANOVA:

F(3,24) = 5.01, P \ 0.01; NK: P \ 0.05) during the quiet

standing posture. Representative data for both tibialis anterior

muscles can be seen in Fig. 2b.

Knee and hip angle

During the pain conditions (unilateral and bilateral), the

flexion in both knees was increased when compared with the

baseline and control injections (Table 3; RM-ANOVA:

F(6,66) [ 2.5, P \ 0.03; NK: P \ 0.01). Representative data

for the knee angle can be seen in Fig. 2c. During bilateral pain

injection, the flexion in the left hip was increased when

compared with the baseline and control injections (Table 3;

RM-ANOVA: F(6,66)[ 2.5, P \ 0.05, NK: P \ 0.01).

Discussion

During quiet standing, knee-related pain evoked larger sway

displacement in the medial–lateral direction and higher sway

speed in both directions (medial lateral and anterior poster-

ior), altered both knee joint positions, and changed the

general muscular activation, mainly pronounced in the

tibialis anterior muscles.

Effect of knee-related pain on postural control

during quiet standing

The present study applied a similar approach as Bennell

and Hinman (2005), although the unilateral painful

Fig. 1 Mean (?SEM, N = 12)

VAS scores after infrapatellar

fat pad injection of hypertonic

and isotonic saline, unilaterally

and bilaterally. a VAS scores

during the 1-min quiet standing

posture. b Mean VAS scores

during ten perturbations.

Significantly different from the

respective control injections

(*NK: P \ 0.01)
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condition in the present study increased the postural sway

in the medial–lateral direction. During this pain condition,

the subjects flexed both knees (on average, 6� for the right

injected knee and 2� for the left knee) when compared with

the baseline. Furthermore, the subjects unloaded the right

knee, observed by the shift in the mean COP position in the

medial–lateral direction (leading to an asymmetrical posi-

tion). Accordingly, a similar load/unload mechanism was

Fig. 2 Representative

examples of COP trajectory,

knee angle positions, and

tibialis anterior muscles

activities. a Bidimensional

displacement of COP sway in

the horizontal plane for bilateral

pain (red, right side) and

baseline control (blue, left side).

b EMG envelope for the tibialis
anterior muscle (right and left
side) during bilateral pain and

baseline control. c Knee flexion/

extension angle (left and right
side) in the joint coordinate

system during bilateral pain and

baseline control
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observed during calf muscle pain (Hirata et al. 2010),

where changes mainly in the medial–lateral direction were

reported when the subjects leaned on the non-painful limb.

No asymmetrical posture was reported by Bennell and

Hinman (2005), which can explain the difference in the

results from this present study since asymmetry per se has

been shown to affect the COP amplitude and speed in both

directions (Anker et al. 2008). The authors forced the

subjects to adopt various asymmetrical weight-bearing

positions guided by visual feedback of the subjects’ COP,

therefore decreasing postural stability.

Enlarged postural sway in the medial–lateral direction

and increased sway speed in both directions enlarged sway

displacement in the anterior–posterior direction, increased

knee and left hip flexion angles, and significant changes in

the activity of both tibialis anterior muscles were found

during bilateral knee-related pain when compared with

the baseline and control injections. Unlike the unilateral

knee pain condition, no significant difference in the COP

mean position was found during bilateral knee pain, where

the simple load/unload mechanism (asymmetry) cannot

explain the changes observed in postural control during the

bilateral knee pain. Instead of shifting the weight to one

specific side, as observed in the unilateral pain condition,

the subjects might alternatively have tried alternating the

weight between sides in the bilateral pain condition in an

attempt to decrease the pain. This asymmetry may also be

related to asymmetry observed in the hip angles. During

the double-injection condition, both hips were flexed

(although only the left hip was significantly different) in

comparison with the single injection that only showed a

trend of higher hip flexion in the right side. Additionally,

changes in the right knee were larger when compared with

the left knee, probably indicating that subjects utilized

mainly the right limb to compensate the impairments due

to pain.

The presence of pain in knee osteoarthritis patients has

been associated with impaired proprioceptive acuity in the

knee joint (Felson et al. 2009; Hassan et al. 2001; Shakoor

et al. 2008) leading to a more unstable posture when

compared with healthy subjects. Experimental pain in

healthy subjects has also been suggested to impair postural

control via deficits in the sensorimotor mechanisms

(Blouin et al. 2003; Corbeil et al. 2004; Hirata et al. 2010;

Vuillerme and Pinsault 2009). Experimental pain applied in

the thigh muscles, close to the knee joint, provoked chan-

ges in the postural control in healthy subjects during quiet

standing and after perturbations, probably indicating the

importance of the knee joint structures in controlling

posture.

The VAS scores after the unilateral and bilateral pain

conditions provoked similar pain intensity. The effect of

the earliest injection of the bilateral pain condition could

explain the similarity in pain intensity, when compared

with the unilateral painful condition, due to diffuse noxious

inhibitory controls (DNIC) effects. However, this effect is

not likely to occur, since it would also be expected that the

average VAS score from individual sides were different

from the unilateral injection, which was not observed in the

results. Additionally, the spatial summation effect due to

the double injection (therefore increasing the pain intensity

when compared with the single injection) would be

expected if both injection sites were located close to each

other (Graven-Nielsen et al. 1997), which is not the case in

the present study. Bilateral knee pain induced impairments

in postural sway accompanied by changes in muscular

Table 1 Effect of knee pain on centre of pressure and kinematic

parameters during quiet standing (n = 12)

Quiet standing

Bilateral

hypertonic

Bilateral

isotonic

Unilateral

hypertonic

Unilateral

isotonic

Mean sway displacement—AP (cm)

Before 2.7 ± 0.5 2.4 ± 0.3 2.0 ± 0.3 2.0 ± 0.2

During 2.5 ± 0.3 2.1 ± 0.3 2.6 ± 0.5 2.3 ± 0.2

After 2.1 ± 0.3 2.9 ± 0.3 2.5 ± 0.3 1.8 ± 0.1

Mean sway displacement—ML (cm)

Before 1.1 ± 0.1 1.1 ± 0.1 1.0 ± 0.1 1.0 ± 0.1

During 1.6 ± 0.2* 1.1 ± 0.1 1.5 ± 0.2* 1.1 ± 0.1

After 1.2 ± 0.1 1.1 ± 0.1 1.1 ± 0.1 1.0 ± 0.1

Mean sway speed—AP (cm/s)

Before 6.5 ± 0.4 7.0 ± 0.4 6.8 ± 0.5 6.8 ± 0.7

During 9.3 ± 1.7* 6.6 ± 0.4 8.3 ± 0.7 7.0 ± 0.6

After 6.4 ± 0.4 6.8 ± 0.5 6.6 ± 0.5 6.9 ± 0.6

Mean sway speed—ML (cm/s)

Before 4.7 ± 0.2 4.7 ± 0.2 4.6 ± 0.2 4.3 ± 0.2

During 5.8 ± 0.6* 4.7 ± 0.3 5.6 ± 0.4 4.8 ± 0.3

After 4.9 ± 0.3 4.9 ± 0.4 4.7 ± 0.3 4.6 ± 0.2

Mean COP position—AP (cm)

Before – – – –

During -4.6 ± 2.7 -9.0 ± 2.9 -10.0 ± 5.7 -1.3 ± 2.7

After -5.1 ± 4.2 -2.8 ± 4.3 -5.5 ± 5.0 -3.9 ± 2.9

Mean COP position—ML (cm)

Before – – – –

During -0.1 ± 3.1 2.0 ± 2.4 -9.3 ± 2.1* 0.0 ± 1.7

After 4.5 ± 2.2 -1.5 ± 2.1 -1.4 ± 2.0 -2.8 ± 1.3

Mean (±SEM) COP parameters from the quiet standing posture

during three stages: before, during, and after injection. The COP root

mean square displacement, speed in medial–lateral (ML) and ante-

rior–posterior (AP) directions, and sway area are presented during the

four different paradigms: bilateral and unilateral hypertonic and iso-

tonic (control) injections. The Mean COP position is the distance

relative to the COP position at the baseline condition. Significantly

higher than the ‘‘before’’ and ‘‘after’’ pain and control conditions

(*NK: P \ 0.05)
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activity, although both unilateral and bilateral pain pro-

voked comparable pain intensity, muscle activity, and

kinematic adjustments. This may reveal that the non-painful

limb provided enough sensory information to preserve the

sway balance where the load/unloading mechanism found

in this situation not only unloaded the non-painful knee,

maybe partly relieving the pain, but also may reflect a

re-weight sensory strategy (compensatory strategy) to opti-

mize postural control in altered sensory environments

(Oie et al. 2002) due to pain. This strategy would increase the

gain of information from the healthy leg, therefore main-

taining the balance.

The scenario of similar pain intensity following

unilateral and bilateral painful injections, leading to

Fig. 3 Mean (?SEM, N = 11)

COP position in the anterior–

posterior direction during

forward perturbations. During

both painful conditions the

subjects shifted their COP

forward when compared with

baseline conditions.

Significantly different from the

respective baseline and control

(#NK: P \ 0.01). Significantly

different from the respective

baseline (*NK: P \ 0.01)

Fig. 4 Mean (?SEM, N = 9)

total-deltaEMG index (the mean

averaged absolute difference

from baseline across all

muscles) during quiet standing.

Bilateral knee pain inflicted

larger muscular activity changes

compared with the control

injection and the post-pain

condition. Significantly

different from the respective

control injections (*NK:

P \ 0.01)
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different postural impairments in the two conditions may

reflect the complexity and adaptability of the postural

control in altered sensory environments, where isolated

changes alone cannot explain changes observed in the

postural sway. The dissociation between similar pain

intensity perception and different pain-evoked postural

changes may indicate the importance of the healthy leg

(not painful) when controlling posture. Since pain may

induce loss of proprioception (Djupsjobacka et al. 1995;

Matre et al. 2002) the re-weighting strategy (Oie et al.

2002) can increase the gain of information from the non-

affected areas providing correct information with regard

to the position of the body in relation to the surroundings

(therefore, maintaining the balance). In the present study,

the overall muscle activity changes support that the task

performed (quiet standing) has multiple degrees of

freedom, allowing the subjects to maintain the posture

using many different strategies, and therefore controlling

the muscles in many different ways in presence of pain.

Instead of a stereotypical change throughout all the

subjects, pain seems to elicit increase, decrease or

redistribution of the muscle activity while performing

the task (Hodges and Tucker 2011). Additionally, both

tibialis anterior muscles had significant changes during

bilateral pain, perhaps the reason why only bilateral pain

affected sway in the anterior–posterior direction, given

that such muscles, together with ankle plantar flexors,

control the sway in this direction (Winter 1995; Winter

et al. 1996).

The shift in mean COP position found in both painful

conditions during forward perturbation probably reflects an

attempt to keep the body COG forward in the anterior–

posterior direction. This strategy has been previously

described when subjects aim to increase stability after

forward perturbations (Lin and Woollacott 2002). Such

strategy increases the distance between the COG and the

posterior boundary of the base of support, allowing larger

COG displacements after forward perturbations without

losing balance or requiring major changes in the postural

reactions (Lin and Woollacott 2002). In line with Bennell

and Hinman (2005), no differences were found in postural

responses after floor perturbations during experimental

knee pain, perhaps also due to the low perturbation speed

applied. With high-speed perturbations, Hirata et al. (2010,

2011) showed impairments in postural recovery in the

presence of pain, once again indicating the consequence of

the perturbation speed in the postural responses.

As expected, bilateral experimental knee-related pain

impaired postural control during quiet standing more than

unilateral injection, suggesting inappropriate changes in the

motor control strategy and decreasing postural stability.

The results support the importance of information from the

non-painful knee joint in quiet standing control in the

presence of pain, suggesting that clinical approaches to

Table 2 Effect of knee pain on muscle activity (deltaEMG, absolute percentage difference from baseline) during Quiet Standing (n = 9)

Quiet standing

Bilateral hypertonic Bilateral isotonic Unilateral hypertonic Unilateral isotonic

During pain Post-pain During pain Post-pain During pain Post-pain During pain Post-pain

Right ES 105 ± 37 44 ± 14 61 ± 33 16 ± 5 51 ± 26 22 ± 8 28 ± 9 19 ± 6

Left ES 66 ± 27 11 ± 4 26 ± 9 24 ± 10 41 ± 11 34 ± 13 16 ± 9 8 ± 2

Right VM 41 ± 9 12 ± 8 17 ± 10 21 ± 8 26 ± 13 26 ± 12 4 ± 2 13 ± 4

Left VM 40 ± 10 13 ± 5 18 ± 7 17 ± 6 27 ± 11 20 ± 9 9 ± 3 15 ± 5

Right VL 118 ± 59 32 ± 13 64 ± 35 64 ± 31 93 ± 68 41 ± 13 70 ± 65 59 ± 41

Left VL 89 ± 30 24 ± 6 42 ± 15 47 ± 22 58 ± 29 22 ± 8 13 ± 8 16 ± 5

Right BF 46 ± 13 57 ± 35 31 ± 9 29 ± 9 29 ± 14 17 ± 6 29 ± 12 15 ± 6

Left BF 37 ± 7 40 ± 10 70 ± 25 38 ± 19 45 ± 8 28 ± 9 33 ± 10 29 ± 14

Right SL 31 ± 8 14 ± 3 17 ± 6 32 ± 10 23 ± 7 23 ± 7 14 ± 5 21 ± 10

Left SL 15 ± 4 13 ± 3 17 ± 4 17 ± 4 30 ± 7 28 ± 8 12 ± 4 16 ± 8

Right GM 28 ± 10 34 ± 12 44 ± 10 44 ± 9 33 ± 11 25 ± 5 17 ± 5 20 ± 8

Left GM 35 ± 7 25 ± 5 36 ± 9 35 ± 9 40 ± 19 30 ± 7 25 ± 8 15 ± 4

Right TA 62 ± 21* 11 ± 4 11 ± 4 42 ± 36 28 ± 14 61 ± 45 11 ± 5 28 ± 10

Left TA 88 ± 37* 17 ± 7 20 ± 11 14 ± 5 35 ± 12 24 ± 12 9 ± 2 27 ± 14

Mean (SEM) EMG parameters from the quiet standing. The mean deltaEMG for erector spinae (ES), tibialis anterior (TA), gastrocnemius
medialis (GM), vastus lateralis (VL), vastus medialis (VM), biceps femoris (BF), and soleus (SL) muscles are presented bilaterally (right and left

side) during the four different injections paradigms: bilateral and unilateral hypertonic and isotonic (control) saline injections and two different

conditions: during pain and post-pain. Significantly higher than the control condition (*NK: P \ 0.05)
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reduce pain may lead to improvements in balance, espe-

cially for people with knee pathologies, such as OA.
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