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ABSTRACT 

Knee pain is a common symptom of different knee pathologies, affecting muscle strength and 

force generation. Although the control of precise three-dimensional forces is essential for the 

performance of functional tasks, current evidence of pain effects in force variability is limited 

to single-directional assessments of contractions at moderate force levels. This study assessed 

the effects of experimental knee joint pain in three-dimensional force variability during 

isometric knee extensions at a wide range of target forces (2.5% – 80% of maximal voluntary 

force, MVC). Fifteen healthy subjects performed contractions before, immediately following, 

and after injections of hypertonic (painful) or isotonic (control) saline into the infrapatellar fat 

pad. Pain intensity was measured on a 10-cm visual analogue scale. Force magnitude, 

direction, and variability were assessed using a six-axis force sensor while activity of 

quadriceps and hamstring muscles was recorded by surface electromyography. Significant 

correlation was found between tangential force displacements and variability of quadriceps 

muscle activity. Experimental knee pain increased the variability of the task-related force 

component at all force levels, while variability of tangential force components increased at 

low forces (≤5% of MVC). The mean quadriceps activity decreased during painful 

contractions only at 80% of MVC. Pain adaptations underlying increased force variability at 

low contraction levels probably involve heterogeneous reorganization of muscle activity, 

which could not be detected by surface electrodes. These findings indicate a less efficient 

motor strategy during knee joint pain, suggesting that pain relief may enhance training for the 

control of smooth forces by knee pain patients. 

 

 

KEYWORDS: Knee pain, force variability, motor control, adaptation, isometric force. 
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INTRODUCTION 

Knee pain is the most predominant and disabling symptom in knee osteoarthritis (OA) 

(Felson 2005), affecting muscle coordination (Hodges et al. 2009) and force generation 

(Slemenda et al. 1998; Henriksen et al. 2011). As a consequence, patients with knee OA 

demonstrate higher force fluctuations during knee extensions compared with healthy subjects 

(Hortobágyi et al. 2004), suggesting impaired motor performance. Increased force 

fluctuations of the quadriceps muscle have been associated with higher risk of falls (Carville 

et al. 2007) and reduced performance at functional tasks such as chair rising and stair 

climbing (Seynnes et al. 2005; Pua et al. 2010). Therefore, force steadiness has been 

suggested as an index of task stability to identify pain-related impairments in the motor 

system associated with knee OA and other musculoskeletal disorders (Pua et al. 2010). 

Reports regarding effects of chronic pain on force steadiness are so far limited and not 

very consistent. Hortobágyi et al. (2004) observed impaired force steadiness in knee OA 

patients compared with non-symptomatic subjects during dynamic knee extensions, while 

isometric contractions were not significantly affected. Decreased steadiness has also been 

reported in subjects with chronic neck pain during isometric cervical flexion (Muceli et al. 

2011), but not consistently in subjects with subacromial impingement syndrome performing 

shoulder abduction (Bandholm et al. 2006). While the tasks performed in these studies were 

limited to moderate force levels (~10% – 40% of maximal voluntary force), investigations 

using delayed onset muscle soreness, a well known endogenous pain and soreness model, 

have shown greater exercise-induced force variability during contractions below 10% of 

maximal voluntary force (Semmler et al. 2007), which could partially explain the 

inconsistency across previous investigations. 

Multiple factors may introduce inter-subject variability when assessing muscle function 

during chronic pain conditions, such as structural damage, inflammation and muscle 

weakness. Experimental pain models are advantageous in this respect because they allow the 

assessment of the isolated effects of pain in healthy individuals. Previous studies using 

intramuscular injections of algesic substances to investigate motor output variability have 

focused primarily on the upper limbs, demonstrating that even short-term muscle pain is able 

to elicit significant impairments in the steadiness of force (Del Santo et al. 2007; Bandholm et 

al. 2008) and movement (Ervilha et al. 2004; Madeleine et al. 2008). Recent findings showed 

that acute muscle pain may increase variability not only in the normal, task-related force 

component but also in tangential force components during isometric contractions of the upper 

and lower limbs (Salomoni and Graven-Nielsen 2012a). However, injection of hypertonic 
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saline in the muscle may affect other receptors besides nociceptors due to changes in ion 

concentration, causing sensorimotor changes independent of pain effects (Hodges et al. 

2009). Moreover, the sources of pain in many clinical conditions, such as knee OA, are not 

the muscles, but articular-related structures (Dye et al. 1998). Given the high prevalence of 

chronic knee pain conditions, it is important to assess how pain per se affects the stability of 

forces around the knee joint when present in non-muscular tissues. Although it has been 

shown that experimental anterior knee pain elicits heterogeneous reorganization of motor unit 

population during isometric knee extensions (Tucker and Hodges 2010), the impact of knee 

joint pain on the steadiness of the resultant force vector is yet to be investigated. 

Since reorganization of activity within and between muscles is known to modulate both 

the intensity and direction of force fluctuations (Kouzaki et al. 2004; Kutch et al. 2008), the 

current study assessed the effects of experimental knee pain on the distribution and steadiness 

of three-dimensional (task-related and tangential) forces during submaximal isometric knee 

extensions at low, moderate and high target forces. The hypothesis investigated was: 

Compared with baseline, acute knee pain is linked with reorganized muscle activity eliciting 

higher variability of the task-related and tangential force components during knee extensions. 
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METHODS 

Subjects 

Fifteen young volunteers (12 males, age 27.1 ± 4.6 yr; height 175.1 ± 7.9 cm; weight 71.9 ± 

13.8 kg; mean ± SD) with no known musculoskeletal disorder participated in this study. All 

participants received detailed written and verbal information and signed an informed consent 

before inclusion. The study was conducted in accordance with the Declaration of Helsinki 

and approved by the local Ethics Committee (N-20090036). 

 

Experimental knee pain 

Acute knee pain was induced by bolus injections of sterile hypertonic saline (1.0 ml, 5.8%) 

into the medial part of the infrapatellar fat pad of the dominant leg, using isotonic saline (1.0 

ml, 0.9%) as control. The needle was withdrawn immediately after the injection. The fat pad 

is a pain-sensitive structure due to high presence of nociceptive afferent fibers and is 

considered a contributing source of knee pain in knee OA patients (Clockaerts et al. 2010). 

Injections were performed using a 1 ml plastic syringe with a disposable needle (25G, 25 

mm). The pain intensity was assessed on a 10-cm electronic visual analogue scale (VAS), 

where 0 cm indicated “no pain” and 10 cm “maximal pain”. Immediately after the injection, 

the signal from the VAS was recorded continuously for 10 minutes (sampling frequency of 

0.5 Hz) while subjects were asked to update the VAS before and after each trial by adjusting 

an external handheld slider. 

 

Force recordings  

Three-dimensional forces were recorded using a high-sensitivity six-axis force sensor, 

yielding three force and three moment components (MC3A, AMTI, USA; sensitivity of force 

components Fx, Fy, Fz: 0.054, 0.054, 0.0134 V/N; moment components Mx, My, Mz: 2.744, 

2.744, 2.124 V/Nm) and thus allowing the assessment of force magnitude and direction (Fig. 

1A; angle θZX=atan(Fx/Fz); angle θZY=atan(Fy/Fz)). The sensor was attached to a metal plate, 

which was fixed to a heavy chair by a pair of L-shaped bars (Fig. 1B). The height of the 

sensor was adjusted to 5 cm above the medial malleolus of the dominant leg of each subject, 

while the hip was flexed at 90° and the knee extended at 120° (180° = straight leg). The thigh 

was strapped and the arms were crossed in front of the chest. The analogue output of the 

sensor was low-pass filtered at 500 Hz, amplified (MSA-6, AMTI, USA), sampled at 1 kHz, 

and stored after 12 bits A/D conversion. 
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Surface electromyography (EMG) 

EMG signals were recorded from m. rectus femoris (RF), m. vastus lateralis (VL), m. vastus 

medialis (VM), m. biceps femoris (BF), and m. semitendinosus (ST) using pairs of disposable 

Ag/AgCl surface electrodes (Ambu Neuroline 720, Denmark) in bipolar configuration, placed 

2 cm apart and positioned according to standard recommendations (Hermens et al. 2000). 

Signals were amplified (Counterpoint MK2, Dantec, Denmark), filtered (10-500 Hz), 

sampled at 1 kHz, and stored after 12 bits A/D conversion. 

 

Protocol  

A randomized, blinded, placebo controlled, crossover design was used in order to assess the 

effects of experimental knee pain on the variability of force. Subjects performed three agonist 

and three antagonist isometric maximal voluntary contractions (MVCs, 5 s), each followed by 

at least 1.5 minutes of rest. Subjects then performed a total of six series of submaximal 

isometric knee extensions (13 s) with the dominant leg, corresponding to before, during, and 

after the effects of a painful or non-painful injection (hereafter designated pre, during and 

post conditions). In total, subjects received two injections, in random order: one painful and 

one non-painful, each performed before a series of submaximal contractions. Both the subject 

and the experimenter were naïve to which the order of injections, which was randomized and 

balanced across subjects by the responsible medical doctor. The post-injection condition was 

initiated one minute after the subject reported no pain sensation. Contractions were 

performed in random order at 2.5%, 5%, 20%, 50%, and 80% of MVC force, each followed 

by at least 20 seconds of rest, and additional 1.5 minutes of rest between series. During each 

contraction, a ramp-and-hold feedback of the task-related force component (Fz) was provided 

on a computer screen (2 seconds of ramp phase, 11 seconds of hold phase) using a variable 

visual gain, resulting in a constant visual scale across all target forces. The full ramp-and-

hold target was constantly shown on the screen, while the trace representing the force 

performed by the subject was updated in real-time on the same time scale. Before starting the 

recordings, subjects were familiarized with the setup and the protocol by performing maximal 

and submaximal practice trials. 

 

Data analysis 

The EMG signals were digitally band-pass filtered at 20 Hz - 400 Hz using a Butterworth 

filter of 2nd order. The root mean square (RMS) value of each EMG signal was calculated 

over epochs of 1 second, normalized using the peak RMS epoch from the MVC task, and 
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assessed as the difference from baseline assessments. Using the same epoch length, the mean 

frequency (MNF) was extracted to assess potential fatigue effects. 

The following parameters were extracted from each submaximal contraction: Mean VAS 

pain score, mean force magnitude in each direction, mean and range of force angles (θZX and 

θZY), coefficient of variation (CV = standard deviation/mean force) of the task-related force 

component, total excursion of the centre of pressure (CoP), mean normalized RMS and 

standard deviation (SD) of each EMG channel. A time window of 6 s was used for analysis (2 

s from end of ramp, Fig. 2), avoiding excessive fluctuations due to slow force development 

and anticipation of trial termination. The CV of force was assessed only for the task-related 

force component because the magnitude of the tangential components approached zero 

during some trials, resulting in inconsistently high values of the CV of force. Hence, similar 

to previous investigations, the variability of tangential forces was indirectly assessed by 

changes in the CoP (Zhang et al. 2010). In the present study, the total excursion of the CoP 

was extracted, which represents the total length of the CoP path during a given time interval, 

thus assessing the lateral displacements of quasi-static forces (Salomoni and Graven-Nielsen 

2012b). 

 

Statistical analysis 

All parameters were assessed using a three-way repeated measures analysis of variance (RM-

ANOVA) with injection (isotonic, hypertonic), condition (pre, during, post), and force (2.5%, 

5%, 20%, 50%, 80% MVC force) as within-subject factors. In case of significant factors or 

interactions the Newman-Keuls (NK) post-hoc test was applied incorporating correction for 

multiple comparisons. Pearson coefficient of correlation was estimated between EMG 

measures (RMS, SD) and parameters of force variability (CV of force, total excursion of 

CoP). Statistical significance was considered for P-values lower than 0.05. All results are 

reported as mean ± standard error of the mean (SEM). 
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RESULTS 

Experimental muscle pain 

Hypertonic saline injections in the infrapatellar fat pad elicited significantly higher VAS 

scores than isotonic saline injections (Fig. 3; RM-ANOVA: F(1,14) = 44.5, P < 0.00001; NK: 

P < 0.0002). All the VAS scores were zero during pre and post pain conditions. 

 

Force parameters 

Experimental knee pain reduced the magnitude of the task-related force component compared 

with non-painful conditions during contractions at 80% MVC force (Fig. 4A, Fz; RM-

ANOVA: F(8,112) = 2.44, P < 0.018; NK: P < 0.0001). No significant changes were 

observed in the magnitude of tangential force components across trials. Although the mean 

force angles were non-significantly affected by pain (Fig. 4B), the RM-ANOVA of both 

ranges of force angle (θZX and θZY) presented interactions between injection, condition and 

force level, revealing higher ranges of force angle during painful compared with non-painful 

contractions at 2.5% MVC force (Fig. 4C; RM-ANOVA: F(8,112) > 2.03, P < 0.05; NK: P < 

0.05). Knee pain also elicited significantly higher CV of the task-related force component 

compared with non-painful assessments (Fig. 5A, RM-ANOVA: F(2,28) > 10.8, P < 0.0003; 

NK: P < 0.0005). Moreover, increased total excursion of the CoP were detected at 5% MVC 

during painful compared with non-painful conditions (Fig. 5B, RM-ANOVA: F(8,112) > 

3.04, P < 0.004; NK: P < 0.0002). 

 

Muscle activity 

Decreased RMS of EMG was observed in VM muscle during painful contractions at 80% 

MVC compared with non-painful assessments (Table 1, RM-ANOVA: F(4,56) > 7.42, P < 

0.00007; NK: P < 0.007). Moreover, the activity of VM muscle at 80% MVC increased post 

hypertonic injection condition compared with all other conditions (NK: P < 0.05). No 

significant differences were detected across pain conditions in the mean RMS EMG of the 

other muscles assessed, as well as no significant changes in the MNF or the SD of EMG (data 

not shown). When data were pooled across isotonic and hypertonic injection sessions, 

significant correlations were found between the total excursion of the CoP and the SD of 

EMG of VL (2.5% – 50% MVC, P < 0.014, 0.26 < r < 0.39) and RF (20% – 50% MVC, P < 

0.003, 0.31 < r < 0.58) muscles. 



Knee pain and force variability	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  9	
  
	
  

	
  
	
  

DISCUSSION 

This is the first study to assess the effects of experimental knee pain on the variability of 

three-dimensional force output. The results show less steady knee extensions during painful 

compared with non-painful assessments, particularly at low force levels. While the variability 

of the task-related force component (i.e. CV of force) increased over a wide range of force 

levels, the variability of tangential force components was most affected at low forces, as 

revealed by increased range of force angles and increased total excursion of the CoP. In 

addition, decreased activity of VM muscle during painful contractions performed close to 

maximal voluntary force was associated with failure to sustain the required force-matching 

task, with a subsequent increase in VM muscle activity post hypertonic saline condition. 

 

Force variability and knee pain 

In line with the present findings, increased force variability during pain has been previously 

observed during both chronic and experimental conditions (Hortobágyi et al. 2004; Bandholm 

et al. 2006; Del Santo et al. 2007; Bandholm et al. 2008; Muceli et al. 2011). Since pain 

causes a reduction of motor unit firing rates of agonist and synergist muscles (Farina et al. 

2004), increased force variability may result from a compensatory motor strategy in order to 

sustain the required force output, potentially involving increased central drive (Del Santo et 

al. 2007), selective recruitment of high-threshold motor units (Hodges et al. 2008), and 

increased motor unit synchronization (Yao et al. 2000). In addition, activation of nociceptive 

pathways from group III and IV afferents, which converge on common interneurons with 

segmental reflex pathways from group Ia and Ib afferents (Schomburg et al. 1999), may 

hinder the interpretation of proprioceptive information by the central nervous system, thus 

modulating force variability (Shinohara et al. 2005). 

The precise orientation of forces produced by individual motor units within each muscle 

depend on muscle fiber angle and attachments (Herrmann and Flanders 1998), and changes in 

motor unit population may alter the resultant force vector (Tucker and Hodges 2010). Since 

the relative contribution of a single motor unit is higher in a small population of motor units, 

greater pain-induced impairments in the steadiness of tangential force components were 

observed at low compared with high target forces, further supporting the involvement of 

changes in motor unit behavior such as altered recruitment strategy and increased variability 

of the synaptic input to the active motoneurons (Farina et al. 2012). Conversely, a smaller 

contribution of these mechanisms at high forces could explain why, despite significant 

modulation of muscle activity, no changes were observed in tangential force variability at 
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80% MVC, as it is likely that all motor units are active at this contraction level, even in large 

muscles (De Luca et al. 1982). This argument is supported by the absence of correlation 

between the SD of EMG and the total excursion of the CoP at 80% MVC. Corroborating, 

delayed onset muscle soreness is known to elicit higher increase of force fluctuations at low 

compared with high force levels (Semmler et al. 2007). Although Hortobágyi et al. (2004) 

reported that steadiness of the lower limb of knee OA patients is equally impaired at low and 

moderate force levels, their assessments were limited to absolute target forces corresponding 

roughly to 15 – 40% of MVC force. Considering that clinical knee joint pain can originate 

from multiple structures, including the infrapatellar fat pad (Felson 2005), additional 

translational studies are needed to investigate the impact of symptomatic knee OA in force 

variability during contraction levels beyond these limits, particularly below 10% MVC. 

Increased variability of multidirectional forces and movements has been associated with 

the development of musculoskeletal disorders (Madeleine 2010). Moreover, force steadiness 

of the quadriceps muscle has been suggested as a predictor of functional performance of 

healthy subjects and patients with knee or hip OA during chair rising and stair climbing tasks 

(Hortobágyi et al. 2004; Seynnes et al. 2005; Pua et al. 2010). Although conservative 

recommendations for the management of knee OA emphasizes muscle strengthening (Zhang 

et al. 2008), knee extensor steadiness training may act as an important cofactor for the 

improvement of functional performance, particularly in patients with relatively well 

preserved muscle strength (Pua et al. 2010). Corroborating, it has been shown that mere 

repetition of contractions without skill or precision does not necessarily produce changes in 

muscle coordination (Tsao and Hodges 2007) or cortical reorganization (Remple et al. 2001). 

 

Muscle activity and knee pain 

In the present study, reduced activity of VM muscle and inability to sustain 80% MVC target 

forces were observed during knee pain condition, which most likely reflect a reduction of 

quadriceps strength caused by experimental knee pain (Henriksen et al. 2011). Supporting 

this argument, inability to sustain maximal and 75% MVC knee extension forces has 

previously been reported following injection of hypertonic saline in the rectus femoris 

muscle, caused by inhibition of the central drive (Graven-Nielsen et al. 2002). Although acute 

experimental pain does not replicate the long-term aspects of clinical knee pain, this finding 

is relevant for patients with knee OA because it has been argued that reduced strength of the 

quadriceps muscle precedes development of radiographic knee OA (Segal et al. 2010) and 

pain-induced muscle weakness in early stages may accelerate structural damage, thus 
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contributing to physical disability of knee OA patients (O'Reilly et al. 1998). Therefore, 

analgesic treatment may be valuable to increase the pain-free range of forces in which 

patients can exercise during rehabilitation (Graven-Nielsen et al. 2002). Corroborating, it has 

been recently shown that patients with knee OA may improve muscle strength gain during 

exercise in combination with interventions aimed at blocking pain sensation (Pietrosimone et 

al. 2011), although the risk of overload needs to be carefully considered in the design of a 

specific rehabilitation program. 

As a consequence of pain-induced inhibitory effects, the same relative target force may 

impose a more strenuous effort during painful compared with non-painful contractions 

(Sørensen et al. 2012). Hence, the increased VM activity observed at post pain condition 

(after the effects of hypertonic saline) may originate from the subjects’ expectation of a 

greater effort, so that an attempt to generate forces close to maximal results in a tendency to 

overshoot. Alternatively, muscle fatigue could have developed over the repeated sustained 

contractions, resulting in increased muscle activity. However, since the order of injections 

and target forces were randomized, other pain conditions and force levels would have also 

been affected, which was not observed. Another possibility is that it could be part of a 

protective mechanism where larger areas of the muscle are activated in order to better 

stabilize the knee joint, although this hypothesis cannot be confirmed by the bipolar EMG 

recordings used in this study. 

The most commonly accepted theory to explain pain-induced changes in motor control, 

the pain adaptation model proposed by Lund et al. (1991), predicts that movement amplitude 

and velocity are reduced during pain due to inhibition of agonist muscles and excitation of 

antagonist muscles. Although reduced activity of VM muscle was observed during pain at 

80% MVC force, the results do not fully support the pain adaptation theory, as no significant 

changes were detected in any other agonist or antagonist muscles involved in knee extensions 

or at low and moderate force levels. Furthermore, muscle fatigue arising from repeated 

isometric trials could reduce the ability of muscles to generate force (Bigland-Ritchie and 

Woods 1984), but no changes were observed in the MNF of EMG, indicating no significant 

effects of fatigue in the EMG signals. 

According to recent findings from Tucker and Hodges (2010), deep-tissue pain elicits a 

heterogeneous reorganization of activity within and between muscles, which includes 

decreased firing rates, inhibition of some motor units and selective recruitment of additional 

high-threshold motor units, which are not likely to be detected using bipolar EMG electrodes. 

Using a pair of unidirectional force transducers to assess medial and lateral knee extension 



Knee pain and force variability	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  12	
  
	
  

	
  
	
  

forces, it was found that this pain-induced adaptation may affect the direction of the resultant 

force vector (2010). The present study extended their findings by employing a three-

dimensional force sensor in order to thoroughly assess how experimental knee pain affects 

the generation and stability of knee extension forces. The results, which include increased 

force variability during pain, absence of changes in the surface EMG activity (except at very 

high forces), and significant association between variability of muscle activity and tangential 

force displacements, support the theory of heterogeneous pain effects on different motor 

units. In addition, the observed increase in the range of force angles and in the variability of 

task-related and tangential forces during pain provides evidence that the new motor strategy 

adopted during painful conditions is less efficient (or at least less steady) than the strategy 

used in the absence of pain, particularly at low force levels. Combined with the impaired 

proprioception that is commonly observed in patients with knee OA (Bennell et al. 2003; 

Hortobágyi et al. 2004), this mechanism contributes to the impaired ability of these patients 

to generate and control smooth forces during daily activities. 

One limitation of the present study is that only isometric contractions were assessed, 

while previous studies have shown greater force fluctuations during dynamic compared with 

isometric contractions (Christou and Carlton 2002). Therefore, the impact of pain on the 

stability of dynamic functional tasks may be even greater than the impairments reported here. 

 

CONCLUSION 

Experimental knee pain significantly increased variability of task-related and tangential 

forces during isometric knee extensions. Although the steadiness of the force output was 

particularly impaired at low target forces, changes in muscle activity were only detected at 

force levels close to maximal. The absence of changes in the mean RMS EMG activity and 

the association between SD of EMG and tangential force displacements at low and moderate 

target forces suggest heterogeneous pain adaptations in muscle activity. These results suggest 

that pain relief may improve the efficiency of rehabilitation in patients with symptomatic 

knee OA. 
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FIGURES 

 
Fig. 1. Schematic representation of the three-dimensional force components relative to the 

surface of the six-axis sensor (A) used to assess isometric knee extension forces (B). Fz is the 

task-related force and tangential forces are represented as Fx and Fy.  
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Fig. 2. Representative recordings of task-related force (Fz), tangential forces (Fx, Fy), and m. 

vastus medialis (VM) EMG signals assessed during isometric knee extensions at 50% MVC 

force following injections of isotonic (non-painful) and hypertonic (painful) saline into the 

infrapatellar fat pad. The 6-seconds shaded area represents the time window used for data 

analysis. 
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Fig. 3. Mean (± SEM, shaded area) VAS scores after intramuscular injection of hypertonic 

(HYP) and isotonic (ISO) saline into the infrapatellar fat pad. Injections of hypertonic saline 

elicited higher VAS scores than isotonic saline. 

 

 
Fig. 4. Mean (+ SEM) force magnitude (Fx, Fy, Fz) during isometric knee extensions. Knee 

pain reduced the magnitude of the task-related force component compared with non-painful 

(baseline, post and after isotonic saline) contractions at 80% MVC force (†, lower compared 

with all other conditions, NK: P < 0.0001) 

 

 
Fig. 5. Mean (+ SEM) absolute force angle (A: θzx and θzy), and range of force angle (B: 

θzx and θzy) during isometric knee extensions. Although the mean force angle was not 

significantly affected by pain, greater ranges of force angle were observed during painful 
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compared with non-painful (baseline, post and after isotonic saline) contractions at 2.5% 

MVC force (*, higher compared with all other conditions, NK: P < 0.05). 

 

 
Fig. 6. Mean (+ SEM) coefficient of variation (A: CV) of task-related force and total 

excursion of the CoP (B) during isometric knee extensions. Experimental knee pain elicited 

greater CV of task-related force compared with non-painful (baseline, post and after isotonic 

saline) assessments at all force levels, while total excursion of the CoP increased during pain 

only at 5% MVC force (*, NK: P < 0.0002). 

 


