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A reorganized motor control system is a key factor in 
musculoskeletal pain conditions, and its relevance in 
the transition from acute pain to chronic pain is most 
likely underestimated. The interaction between muscle 
pain and motor control depends on the specifi c motor 
task. Muscle pain causes no increase in electromyo-
graphic activity at rest and reduces maximal voluntary 
contraction and endurance time during submaximal con-
tractions. Furthermore, muscle pain causes an adaptive 
change in the coordination during dynamic exercises. 
Increased muscle activity refl ecting reorganized muscle 
coordination and strategy is also a component of the 
functional adaption to muscle pain. In general, the 
“vicious cycle” hypothesis is not supported by these fi nd-
ings. Instead, they support an adaptive model predicting 
reduced agonistic muscle activity eventually advanced 
by changed antagonistic muscle activity. The motor 
control assessment procedures provide complementary 
clinical information and give further support for optimiz-
ing treatment regimens and prevention procedures for 
musculoskeletal pain.

Introduction
Deep-tissue pain constitutes a special diagnostic and 
therapeutic challenge, and new knowledge on peripheral 
and central neurobiological mechanisms is necessary to 
improve diagnosis and management strategies. Human 
experimental pain models applied to healthy volunteers 
are a potential strategy to investigate functional aspects 
of deep-tissue pain. Experimental muscle pain research 
involves two separate topics: 1) standardized excitation 
of the nociceptive system, and 2) quantitative assessment 

of the related sensory and motor responses. In this situa-
tion, healthy volunteers transiently become patients with 
a well-defi ned muscle pain where the sensory–motor 
interaction can be assessed in line with the sensory 
manifestations. Several techniques have been used to 
induce human muscle pain [1], and this article describes 
the basic effects of induced muscle pain on muscle coor-
dination. The mutual link between experimental muscle 
pain and changes in motor control cannot be directly 
transferred to the clinical conditions with chronic 
muscle pain. Nonetheless, many groups of patients suf-
fering from chronic muscle pain, such as low back pain, 
fi bromyalgia, and myofascial temporomandibular pain, 
demonstrate similar changes in the muscle coordination 
as found in groups with experimental muscle pain. One 
important advantage with experimental muscle pain 
studies is that the cause and effect relationship is known 
(ie, the effects of pain on movement coordination can 
be described by electromyographic [EMG], kinematic, 
and force recordings). Thus, the use of experimental 
muscle pain can elucidate basic biological motor-control 
mechanisms, which are affected by muscle pain. These 
mechanisms are likely involved in chronic muscle pain 
conditions, in parallel with the mechanisms responsible 
for the transition from acute to chronic pain.

Functional implications of muscle pain are evident 
from daily life, where pain from joints and muscles affects 
motor performance or causes facial expressions (ie, the 
painful limb or area is protected by voluntary or refl ex-
based movements with reduced amplitude or strength). 
Associated with the impact of pain on the motor perfor-
mance is the contrary condition, which is that muscle work 
can induce musculoskeletal pain. Within occupational 
health, it is still not clear why some individuals develop 
musculoskeletal pain and others do not, even though they 
are exposed to the same working conditions. Potentially, 
the interactions of pain to motor function and motor 
function to pain are related in a mechanistic manner. 

Experimental Muscle Pain
Acute deep-tissue pain is caused by activation of group 
III (Aδ-fi ber) and group IV (C-fi ber) polymodal muscle 
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nociceptors [2]. Strong mechanical stimuli and algesic 
substances can excite the nociceptors contrary to muscle 
contraction, normal movements, or muscle stretch.

Algesic substances
Various algesic substances have been used to induce 
experimental muscle pain in humans [1]. In particular, the 
hypertonic saline model has been used to characterize the 
sensory and motor effects involved in muscle pain because 
the quality of the induced pain is comparable with acute 
clinical muscle pain and shows localized and referred 
pain characteristics. Jonas Kellgren and Sir Thomas 
Lewis introduced the method of experimental muscle 
pain induced by injection of hypertonic saline. Manual 
bolus injections of hypertonic saline were often used, and 
the model was later improved by computer-controlled 
infusions of hypertonic saline, which gave a more stan-
dardized model and allowed the induction of tonic muscle 
pain by continuous infusion. The saline-induced muscle 
pain intensity is dependent on concentration, volume, and 
infusion rate. The quality of saline-induced muscle pain 
is typically described as “aching,” “cramping,” “boring,” 
“drilling,” “taut,” “tight,” “spreading,” and “radiating.” 
The saline-induced pain model has been used to a great 
extent in studies on the infl uence of muscle pain on motor 
control, and adverse effects associated with saline-induced 
muscle pain have been reported [1]. Animal studies did 
not show muscle toxicity by this method, which under-
pins its use for human experimentation.

Robust excitation of group III and IV afferent fi bers 
by hypertonic saline has been shown in animal  studies 
[3], in contrast to excitation of thick, fast afferent fi bers 
[3]. Iggo [4] reported, however, that other  afferent 
fi bers (eg, related to muscle spindles) than group III 
and IV were excited by hypertonic saline, although no 
specifi c details were given. The predominant excitation 
of thin caliber afferents by hypertonic saline is also 

substantiated by an inverse relationship between the 
nerve conduction velocity and saline-evoked cumula-
tive afferent discharges [3]. Other algesic substances 
(eg, capsaicin, glutamate, acidic buffers) have also been 
used for induction of experimental muscle pain [1]. 

Exercise-induced muscle pain
Muscle pain induced by concentric muscle work (eg, cycle 
ergometry) is normally brief and a result of impaired 
blood fl ow during work. Thus, it may resemble the con-
dition of ischemic muscle pain. Eccentric muscle work 
causes delayed onset of muscle soreness, with peak sore-
ness after 24 to 48 hours. Delayed onset muscle soreness 
(DOMS) has been widely used to explore pathophysi-
ologic components of the musculoskeletal system. The 
mechanism underlying delayed-onset muscle soreness is 
not clear but is probably related to ultrastructural damage 
resulting in the release of algesic substances. The release 
of algesic substances may cause an infl ammatory reaction, 
as NSAIDs appear to have an effect on this type of muscle 
soreness in some conditions.

Models of Pain–Motor Interaction
Like the classical sensory afferent fi bers involved in motor 
control (eg, tendon organs and muscle spindles), there 
is dense connectivity (via interneurons) from group III 
and IV afferents to the motoneurons in the ventral horn. 
Group III afferents with nociceptive properties were 
recently reported to have the strongest infl uence on the 
refl ex control [5]. 

The vicious cycle model
From daily life activities, it is evident that muscle pain 
interacts with the movement capabilities. Muscle hyper-
activity sustained by a vicious cycle due to muscle 
ischemia was one of the fi rst theories explaining the 
cause of muscle pain (Fig. 1) [6]. The part of the model 
suggesting that muscle pain will induce ongoing muscle 
activity was not systematically investigated until recently. 
Based on animal data, a physiologic model proposes 
muscle hyperactivity due to facilitation of the fusimotor 
system by muscle pain [7]. A facilitated fusimotor sys-
tem was suggested to cause a refl ex-mediated spread of 
muscle stiffness and possible initiation of a vicious cycle. 
The muscle spindle activity is, however, not facilitated 
by muscle nociception, but rather by a change in spindle 
sensitivity affecting the proprioceptive function [8]. 

The pain-adaptation model
This model was proposed by Lund et al. [9] to explain the 
link between activity in nociceptive afferents, a central 
pattern generator, the motor function, and coordination 
of muscles. This pain-adaptation model predicts increased 
muscle activity in antagonistic phases and decreased  muscle 
activity in agonistic phases during muscle pain; such a 

Figure 1. The vicious cycle hypothesis posits ongoing muscle activity 
triggered by muscle pain. Ischemia is a natural course of increased 
muscle activity, and over time ischemia might also lead to deep-tissue 
pain. The other part of this model assumes that ongoing muscle activ-
ity is evoked by muscle nociception, but this notion is disputed. 
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coordination may produce a decrease in movement veloc-
ity and amplitude. The pain-adaptation model includes 
an inhibitory and excitatory facilitation of motoneurons 
according to the functional phases (agonist or antagonist) 
of the painful muscle. This supports the need for assessing 
functional effects of muscle pain in the various functional 
phases of dynamic contractions as well as in contractions 
without movements (static) and in resting conditions.

Spontaneous Muscle Activity at Rest 
A small increase (less than 1% of EMG from maximal 
voluntary contraction [MVC]) in the resting activity of 
the sternocleidomastoid muscle was reported after inject-
ing 5 mL of hypertonic saline (5%) into this muscle [10]. 
Pain in this muscle may be associated with changes in 
facial expression, and the observed increase in the EMG 
activity was likely due to cross-talk from the platysma 
muscle. Compared with baseline recordings, but not com-
pared with a sham pain condition where patients recalled 
a painful condition (without the actual pain stimulation), 
increased resting muscle activity after saline-induced 
muscle pain was found [11]. This indicates that increased 
muscle activity is not caused by the muscle pain per se. 
In a later study, a transient increase in the resting EMG 
activity during intramuscular infusion of hypertonic saline 
was recorded in contrast to recordings after the infusion 
of isotonic saline [12]. It is important to note that ongo-
ing muscle pain did not produce sustained increased EMG 
activity. Moreover, saline-induced muscle pain does not 
cause any changes in the resting EMG activity between 
repeated MVCs [13]. Other models of experimental muscle 
pain (eg, glutamate induced) have shown increased resting 

activity in neck and facial muscles, suggesting a difference 
between pain modalities or muscles [14]. The increased 
resting muscle activity during glutamate-induced muscle 
pain is found predominately when assessed in fatigued 
muscle [15], and this seems to be more evident in men 
compared with women [16]. 

Spontaneous muscle activity in clinical studies
Increased and unchanged resting EMG activities have been 
reported in musculoskeletal pain patients, in contrast to 
patients in experimental pain studies. An increase in the 
resting EMG activity between contractions was recorded 
in fi bromyalgia patients [17]. Other clinical studies report 
no increase in the resting muscle EMG activity in fi bro-
myalgia [18], temporomandibular disorder [19], chronic 
neck pain caused by trapezius myalgia [20], and low back 
pain patients [21]. Moreover, spontaneous muscle activity 
and unchanged resting muscle activity have been reported 
at the time for maximal soreness caused by eccentric con-
tractions (delayed-onset muscle soreness). 

The fi ndings of increased human EMG activity dur-
ing muscle pain are limited, which is in strong contrast 
to the increases in EMG activity in animal studies [22]. 
The most expressed responses in animal studies are seen 
in jaw-opening muscles and a weaker effect in the jaw-
closing muscle; this may be interpreted as a refl ex reaction 
in order to avoid movements.

Contractions Without Movement (Static) 
During saline-induced muscle pain, the MVC force is sig-
nifi cantly lower than in a control condition (Fig. 2) [13,23]. 
The decrease of MVC force during experimental muscle 
pain was not related to changes in the contractile proper-
ties of muscle fi bers but rather to a central effect on the 
motor control system [23,24]. Decreased muscle strength 
during voluntary isometric contractions of a painful muscle 
has also been found in musculoskeletal pain patients. The 
reduction in strength in fi bromyalgia patients is suggested 
to be caused by a defi cient central activation of motor 
units, because supramaximal stimulation of the ulnar 
nerve shows no difference in the strength of the adductor 
pollicis muscle between patients and a control group [25]. 
Attenuated MVC is also found in more localized pain con-
ditions; in lateral epicondylalgia patients, reduced strength 
is recorded in their sore arm compared with asymptomatic 
arms in control patients [26]. In contrast, increased muscle 
activity during static contractions in trapezius myalgia 
patients has also been reported [20]. 

Effects of muscle pain on submaximum contractions
Decreased surface EMG activity is detected for con-
traction levels above 25% MVC [27••], and at low 
contraction levels decreased muscle activity is evident by 
reduced fi ring rate of single motor units [28]. The pain 
intensity and the amount of reduced motor unit fi ring 

Figure 2. Mean maximal voluntary knee extension force assessed 
before and after injection of isotonic and hypertonic saline into 
the rectus femoris muscle. There is signifi cantly decreased torque 
compared with both before and after recordings and compared with 
the recording immediately after injection of isotonic saline (asterisk). 
(Data from Graven-Nielsen et al. [23].) 
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are correlated [28]. Decreased motor unit fi ring rate is 
also detected in nonpainful but fatiguing contractions, 
and the initial fi ring rate is reduced to the same level as 
during fatiguing contractions, indicating that the noci-
ceptive activity in group III and IV afferents is related to 
the reduced motor unit fi ring during fatigue [24]. 

Effects of muscle pain on synergistic muscle activity
A signifi cant observation is that the muscle pain during 
static contractions does not only decrease the muscle activ-
ity of the painful muscle, but also attenuates the synergistic 
muscles [27••]. The distribution of muscle activity across a 
muscle can be assessed by surface matrix EMG electrodes, 
allowing recordings from multiple EMG electrodes within 
one muscle; the trapezius muscle activity pattern was found 
to be reduced and reorganized by experimental muscle 
pain [29••]. The generalized pain-related inhibition calls 
for a changed muscle coordination and eventual overload 
of otherwise nonpainful muscles if the required force must 
be archived. The motor unit fi ring rate is an important 
determinant of the force generated by a muscle, and there-
fore it is unclear how a constant force requirement can be 
archived and maintained in case of a pain-related decrease 
in motor unit fi ring rate. Motor unit twitch properties may 
change as a compensatory mechanism for the decreased 
motor unit fi ring during pain, and increased twitch force 
of low-threshold motor units has been recorded during 
experimental muscle pain [24]. However, the muscle mem-
brane properties seem not to be affected by experimental 
muscle pain, as both motor unit conduction velocity and 
M-wave recordings are unchanged [24]. The peak twitch 
force also remains increased in post-pain conditions, as the 
motor unit fi ring rate returned to normal [24]. This inter-
esting fi nding suggests that the facilitated twitch force is 
not the mechanism compensating for the decline in motor 
unit fi ring rate during pain. An alternative mechanism for 
the maintenance of force is that the nervous system may 
increase the activity of synergistic muscles to compensate 
for decreased force production by a painful muscle. None-
theless, a recent study found that motor units in synergistic 
muscles neighboring a painful muscle show reduced fi rings 
[30], and therefore increased fi ring of low threshold motor 
units in synergist muscles does not account for mainte-
nance of force during painful constant force contractions. 
Recruitment of higher threshold motor units during pain 
is a potential mechanism to explain the maintained force 
with reduced motor unit fi ring. 

Facilitated fatigue by muscle pain
In submaximal contractions (80% of the MVC before 
pain), experimental muscle pain causes a signifi cant reduc-
tion in endurance time [13]. The different fi ndings between 
the submaximal contraction (where the required force can 
be obtained during pain) and the maximal contraction 
force (which is reduced by muscle pain) may be explained 
by changes in the descending drive to motoneurons. During 

MVC, the descending neural drive cannot be voluntarily 
increased; therefore, an inhibitory mechanism controlling 
the motoneurons might explain the decreases in MVC. In 
contrast, when submaximal contractions are performed, 
the voluntary neural drive may be increased and thus com-
pensate for potential inhibitory mechanisms. The shorter 
endurance time with experimental muscle pain is accom-
panied by a prolonged recovery period after fatiguing 
contractions [31•], obviously making the combination of 
pain and fatigue a detrimental condition. 

Decreased endurance time is reported in muscle pain 
patients performing a submaximal contraction compared 
with age- and sex-matched controls [32], which is in line 
with experimental fi ndings [13]. Submaximal contractions 
during muscle pain may be achieved by increased volun-
tary neural drive, and the decreased endurance time may 
therefore be due to a more pronounced central fatigue. 
Various physiologic factors within the muscle (eg, micro-
circulation) could infl uence the endurance time in patients, 
but this is not likely to occur in healthy volunteers exposed 
to experimental muscle pain. 

Delayed-onset muscle soreness and motor function
The saline-induced muscle pain model has been 
widely used and has been shown not to affect the con-
tractile apparatus [23]. DOMS is probably based on 
ultrastructural damage affecting the contractile proper-
ties, resulting in loss of force. Inhibition of motor cortex 
and/or spinal motoneurons may contribute to the loss of 
force, especially in the fi rst 24 hours [33]. Recently, it 
was reported that eccentric contractions caused reduced 
EMG amplitude over time during sustained contrac-
tions, which was not seen prior to DOMS, indicating 
a change in the contractile properties [34]. No change 
[35], increased [36], and decreased [37] EMG activity of 
static contractions in DOMS have also been reported. 
Therefore, in conditions including changes of the con-
tractile properties in addition to modulation of motor 
control parameters by nociception, caution is needed 
when delimiting involved mechanisms. 

Contractions During Movement (Dynamic)
In one of the fi rst studies assessing effects of pain on 
dynamic contractions, low back muscle activity during 
gait on a treadmill was recorded in experimental and 
clinical low back pain. During pain, the low back muscle 
activity was increased in phases where the EMG activity is 
normally silent, and it was not affected or decreased in the 
phases with strong EMG activity in controls [38]. Muscle 
pain during gait generally causes decreased activity in the 
agonistic phase and increased activity in the antagonistic 
phase of the leg muscle [13]. A similar example is found 
in trunk fl exion-extension movements, where the antago-
nist phase, normally silent in pain-free controls, showed 
increased activity in patients with low back pain [39]. 
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This suggests that the pain modulation of muscle activity 
is dependent on the specifi c muscle function (agonist/
antagonist phases), a fi nding that also has been reported 
in several clinical studies [9]. Reduced movement ampli-
tudes are the functional consequence of pain and have 
been found in experimental and clinical musculoskeletal 
pain conditions such as low back pain [38]. 

Reorganized motor control
The reorganized motor control may protect the painful 
muscle by a reduction of the muscle activity and con-
traction force. Other strategies might also be adopted, 
as individual combinations of decreased, increased, and 
cocontraction activity of trunk fl exors and extensors were 
reported during experimental low back pain [40]. Reduced 
activity in both the agonistic and antagonistic muscles 
during muscle pain has been reported without signifi -
cantly impairing the movement amplitude or acceleration 
[41]. Specifi cally, the initial (100 ms) EMG burst recorded 
from the agonist muscle was decreased, illustrating the 
reorganized motor strategy caused by muscle pain. A simi-
lar example of changes in motor planning is illustrated by 
reduced feed-forward responses of the abdominal muscles 
in conditions of pain induced in the lower back muscles, 
which might compromise the spinal stability [40]. Gait 
initiation is also dependent on specifi c motor control stra-
tegies, and these were affected by experimental muscle 
pain [42]. Anomalous motor planning is highly important 
in working conditions where such a change may need com-
pensatory activity from other muscles to fulfi l the required 
movement, and such a scenario may contribute to the 
development of musculoskeletal pain problems in occu-
pational settings. A potential compensatory action may 
be the increased trapezius activity recorded during biceps 
muscle pain [41]. Similarly, reorganization of trapezius 
muscle activity during repetitive shoulder fl exion has been 
found as decreased activity of the upper trapezius (where 
pain was induced), whereas the lower trapezius showed 
compensatory actions by increased muscle activity [43].

Functional impact on joint stability
Deep-tissue pain can have signifi cant biomechanical 
impact on the other skeletal structures. The functional 
signifi cance of muscle pain on knee joint control during 
gait was recently assessed by three-dimensional gait analy-
ses during experimental pain (medial muscle of vastus 
medialis); impaired knee joint control and joint  instability 
during walking was the functional consequence of the 
induced muscle pain [44••]. Similar changes are observed 
in patients with osteoarthritic knee pain. The defi cit of 
joint control may leave the knee joint prone to injury and 
potentially participate in the translation from acute to 
chronic musculoskeletal problems. Such biomechanical 
effects of pain will have clinically important implications 
for the rehabilitation and training of patients with knee 
pain of musculoskeletal origin. 

Excitability of Motoneurons
The neuronal mechanisms potentially involved in the 
pain-related reduction of muscle activity may be numer-
ous. The H-refl ex is not changed in contrast to the stretch 
refl ex, which is facilitated during experimental muscle pain 
[45]. Microneurography recordings from spindle afferents 
showed no increased discharge activity during experimen-
tal pain, indicating that muscle pain does not cause a refl ex 
increase in the fusimotor drive, in contrast to the hyperac-
tivity theory [46••]. Facilitated stretch responses might be 
related to a more pronounced stiffness in the painful motor 
system and cause impaired motor performance. The long-
latency inhibitory refl ex (silent period) is disinhibited (ie, net 
facilitation) during experimental muscle pain [47]. There is 
no consistent relation between the fi ndings of refl ex facili-
tation and decreased muscle activity during muscle pain. 
However, most studies assessing the effect of experimental 
muscle pain on refl exes have not assessed the potential effect 
of postsynaptic modulation by nociceptive activity because 
the muscle activity was kept constant before assessing the 
refl ex. Recently, facilitated homonymous recurrent inhibi-
tion of the soleus muscle during experimental muscle pain 
was reported with a close relation between the  temporal 
aspects of the pain and strength of recurrent inhibition 
[48]; reduced muscle activity during muscle pain might be a 
result of facilitated recurrent inhibition.

Differential effects of muscle nociception on spinal and 
cortical motoneurons illustrate the complex changes in the 
motor neuronal system due to pain. Muscle nociception 
facilitated spinal motoneurons innervating elbow fl exor 
and extensor muscles, and at the same time depressed 
motor cortical neurons projecting to these muscles [49••]. 
Another study showed reduced motor evoked potentials 
(by transcranial magnetic stimulation) from the  abductor 
digiti minimi muscle during muscle pain, and with a 
time delay the spinal motoneurons also showed reduced 
excitability assessed by the H-refl ex [50]. The complex 
interaction between pain and refl exes is probably due to 
the highly fl exible and plastic motor control system. 

Conclusions
A reorganized motor control system is a key factor in mus-
culoskeletal pain conditions (Table 1), and its relevance in 
the transition from acute pain to chronic pain is probably 
underestimated. In general, the vicious cycle hypothesis is 
not supported by the reviewed data, but the data do support 
an adaptive model predicting reduced agonistic muscle activ-
ity eventually advanced by decreased antagonistic muscle 
activity. Recent animal data also suggest a similar reorga-
nized motor control system. The current experimental pain 
approach is essential when translating basic fi ndings with 
clinical manifestations. The motor control assessment proce-
dures can provide complementary clinical information and 
give further support for optimizing treatment regimens and 
developing prevention procedures for musculoskeletal pain.



480 Rheumatic Manifestations of Other Diseases

Disclosures
No potential confl icts of interest relevant to this article 
were reported.

References and Recommended Reading
Papers of particular interest, published recently, 
have been highlighted as:
• Of importance
•• Of major importance

1. Graven-Nielsen T: Fundamentals of muscle pain, referred 
pain, and deep tissue hyperalgesia. Scand J Rheumatol 
2006, 35(Suppl 122):1–43.

2. Mense S, Hoheisel U: Morphology and functional types of 
muscle nociceptors. In Fundamentals of Musculoskeletal 
Pain. Edited by Graven-Nielsen T, Arendt-Nielsen L, Mense 
S. Seattle: IASP Press; 2008:3–17.

3. Cairns BE, Svensson P, Wang K, et al.: Activation of 
peripheral NMDA receptors contributes to human pain and 
rat afferent discharges evoked by injection of glutamate into 
the masseter muscle. J Neurophysiol 2003, 90:2098–2105.

4. Iggo A: Non-myelinated afferent fi bres from mammalian 
skeletal muscle. J Physiol 1961, 155:52P–53P.

5. Schomburg ED, Steffens H: Only minor spinal motor refl ex 
effects from feline group IV muscle nociceptors. Neurosci 
Res 2002, 44:213–223.

6. Travell JG, Rinzler S, Herman M: Pain and disability of the 
shoulder and arm. JAMA 1942, 120:417–422.

7. Johansson H, Sojka P: Pathophysiological mechanisms 
involved in genesis and spread of muscular tension in 
occupational muscle pain and in chronic musculoskeletal 
pain syndromes: a hypothesis. Medical Hypotheses 1991, 
35:196–203.

8. Masri R, Ro JY, Capra N: The effect of experimental 
muscle pain on the amplitude and velocity sensitivity of 
jaw closing muscle spindle afferents. Brain Res 2005, 
1050:138–147.

9. Lund JP, Stohler CS, Widmer CG: The relationship between 
pain and muscle activity in fi bromyalgia and similar 
conditions. In Progress in Fibromyalgia and Myofascial 
Pain. Edited by Vaerøy H, Merskey H. Amsterdam: Elsevier 
Science Publishers; 1993:311–327.

10. Ashton-Miller JA, McGlashen KM, Herzenberg JE, 
Stohler CS: Cervical muscle myoelectric response to acute 
experimental sternocleidomastoid pain. Spine 1990, 
15:1006–1012.

11. Stohler CS, Zhang X, Lund JP: The effect of experimental 
jaw muscle pain on postural muscle activity. Pain 1996, 
66:215–221.

12. Svensson P, Graven-Nielsen T, Matre D, Arendt-Nielsen 
L: Experimental muscle pain does not cause long-lasting 
increases in resting electromyographic activity. Muscle 
Nerve 1998, 21:1382–1389.

13. Graven-Nielsen T, Svensson P, Arendt-Nielsen L: Effects 
of experimental muscle pain on muscle activity and 
co-ordination during static and dynamic motor function. 
Electroencephalogr Clin Neurophysiol 1997, 105:156–164.

14. Svensson P, Wang K, Sessle BJ, Arendt-Nielsen L: Associations 
between pain and neuromuscular activity in the human jaw 
and neck muscles. Pain 2004, 109:225–232.

15. Torisu T, Wang K, Svensson P, et al.: Effect of low-level 
clenching and subsequent muscle pain on exteroceptive 
suppression and resting muscle activity in human jaw 
muscles. Clin Neurophysiol 2007, 118:999–1009.

16. Torisu T, Wang K, Svensson P, et al.: Effects of muscle fatigue 
induced by low-level clenching on experimental muscle pain 
and resting jaw muscle activity: gender differences. Exp Brain 
Res 2006, 174:566–574.

17. Elert JE, Dahlqvist SB, Henriksson-Larsén K, Gerdle B: 
Increased EMG activity during short pauses in patients 
with primary fi bromyalgia. Scand J Rheumatol 1989, 
18:321–323.

18. Zidar J, Bäckman E, Bengtsson A, Henriksson KG: 
Quantitative EMG and muscle tension in painful muscles in 
fi bromyalgia. Pain 1990, 40:249–254.

19. Bodéré C, Tea SH, Giroux-Metges MA, Woda A: Activity 
of masticatory muscles in subjects with different orofacial 
pain conditions. Pain 2005, 116:33–41.

20. Larsson R, Oberg PA, Larsson SE: Changes of trapezius 
muscle blood fl ow and electromyography in chronic neck 
pain due to trapezius myalgia. Pain 1999, 79:45–50.

21. Ahern DK, Follick MJ, Council JR, et al.: Comparison 
of lumbar paravertebral EMG patterns in chronic low 
back pain patients and non-patient controls. Pain 1988, 
34:153–160.

22. Sessle BJ: Acute and chronic craniofacial pain: brainstem 
mechanisms of nociceptive transmission and neuroplas-
ticity, and their clinical correlates. Crit Rev Oral Biol 
Med 2000, 11:57–91.

23. Graven-Nielsen T, Lund H, Arendt-Nielsen L, et al.: 
Inhibition of maximal voluntary contraction force by 
experimental muscle pain: a centrally mediated mechanism. 
Muscle Nerve 2002, 26:708–712.

24. Farina D: Effect of experimental muscle pain on motor 
unit properties. In Fundamentals of Musculoskeletal Pain. 
Edited by Graven-Nielsen T, Arendt-Nielsen L, Mense S. 
Seattle: IASP Press; 2008:461–475.

25. Bäckman E, Bengtsson A, Bengtsson M, et al.: Skeletal 
muscle function in primary fi bromyalgia. Effect of regional 
sympathetic blockade with guanethidine. Acta Neurol 
Scand 1988, 77:187–191.

26. Slater H, Arendt-Nielsen L, Wright A, Graven-Nielsen T: 
Sensory and motor effects of experimental muscle pain 
in patients with lateral epicondylalgia and controls with 
delayed onset muscle soreness. Pain 2005, 114:118–130.

27.•• Falla D, Farina D, Dahl MK, Graven-Nielsen T: Muscle 
pain induces task-dependent changes in cervical agonist/
antagonist activity. J Appl Physiol 2007, 102:601–609.

This paper shows the widespread effects of localized muscle pain 
on both synergistic and antagonistic neck muscles. The widespread 
effects of localized muscle pain are probably fundamental for 
understanding the functional effect of pain in clinical conditions. 

Table 1. Typical effects of experimental muscle pain 
on the motor control system

Resting conditions No ongoing spontaneous activity

Static contractions Reorganized and reduced 
muscle activity

Attenuated synergistic
 muscle activity

Reduced fi ring of single motor 
units (pain-intensity dependent)

Aggravated fatigue effects

Dynamic contractions Decreased agonist muscle activity

Adaptive change of antagonistic 
activity (increased or decreased)

Functional effects An adaptive function potentially 
protecting the painful structure

Decreased amplitude and 
velocity of movements



Impact of Pain on Muscle Strength and Activity Graven-Nielsen and Arendt-Nielsen 481

28. Farina D, Arendt-Nielsen L, Merletti R, Graven-Nielsen T: 
Effect of experimental muscle pain on motor unit fi ring rate 
and conduction velocity. J Neurophysiol 2004, 91:1250–1259.

29.•• Madeleine P, Leclerc F, Arendt-Nielsen L, et al.: Experimental 
muscle pain changes the spatial distribution of upper trapezius 
muscle activity during sustained contraction. Clin Neuro-
physiol 2006, 117:2436–2445.

This paper presents an interesting fi nding of reorganized muscle 
activity within the trapezius muscle caused by muscle pain. Novel 
matrix EMG assessment technology was applied.
30. Hodges PW, Ervilha UF, Graven-Nielsen T: Changes in 

motor unit fi ring rate in synergist muscles cannot explain 
the maintenance of force during constant force painful 
contractions. J Pain 2008 (in press).

31.• Ciubotariu A, Arendt-Nielsen L, Graven-Nielsen T: Local-
ized muscle pain causes prolonged recovery after fatiguing 
isometric contractions. Exp Brain Res 2007, 181:147–158.

This article illustrates that deep-tissue pain has pronounced effects 
on the recovery process after fatiguing contractions. In clinical 
conditions and occupational settings, such a mechanism might be 
important for developing musculoskeletal pain conditions.
32. Bengtsson A, Bäckman E, Lindblom B, Skogh T: Long term 

follow-up of fi bromyalgia patients: Clinical symptoms, 
muscular function, laboratory test—an eight year comparison 
study. J Musculoskel Pain 1994, 2:67–80.

33. Prasartwuth O, Taylor JL, Gandevia SC: Maximal force, 
voluntary activation and muscle soreness after eccentric 
damage to human elbow fl exor muscles. J Physiol 2005, 
567:337–348.

34. Hedayatpour N, Falla D, Arendt-Nielsen L, Farina D: Sensory 
and electromyographic mapping during delayed-onset muscle 
soreness. Med Sci Sports Exerc 2008, 40:326–334.

35. Bajaj P, Madeleine P, Sjogaard G, Arendt-Nielsen L: 
Assessment of postexercise muscle soreness by electromy-
ography and mechanomyography. J Pain 2002, 3:126–136.

36. Kroon GW, Naeije M: Recovery of the human biceps 
electromyogram after heavy eccentric, concentric or 
isometric exercise. Eur J Appl Physiol Occup Physiol 1991, 
63:444–448.

37. Nie H, Arendt-Nielsen L, Kawczynski A, Madeleine P: 
Gender effects on trapezius surface EMG during delayed 
onset muscle soreness due to eccentric shoulder exercise. 
J Electromyogr Kinesiol 2007, 17:401–409.

38. Arendt-Nielsen L, Graven-Nielsen T, Svarrer H, Svensson 
P: The infl uence of low back pain on muscle activity and 
coordination during gait: a clinical and experimental study. 
Pain 1996, 64:231–240.

39. Sihvonen T, Partanen J, Hänninen O, Soimakallio S: 
Electric behavior of low back muscles during lumbar pelvic 
rhythm in low back pain patients and healthy controls. 
Arch Phys Med Rehabil 1991, 72:1080–1087.

40. Hodges PW: Changes in sensorimotor control in low back 
pain. In Fundamentals of Musculoskeletal Pain. Edited by 
Graven-Nielsen T, Arendt-Nielsen L, Mense S. Seattle: IASP 
Press; 2008:445–459.

41. Ervilha UF, Arendt-Nielsen L, Duarte M, Graven-Nielsen T: 
Effect of load level and muscle pain intensity on the motor 
control of elbow-fl exion movements. Eur J Appl Physiol 
2004, 92:168–175.

42. Madeleine P, Voigt M, Arendt-Nielsen L: Reorganisation 
of human step initiation during acute experimental muscle 
pain. Gait Posture 1999, 10:240–247.

43. Falla D, Farina D, Graven-Nielsen T: Experimental muscle 
pain results in reorganization of coordination among 
trapezius muscle subdivisions during repetitive shoulder 
fl exion. Exp Brain Res 2007, 178:385–393.

44.•• Henriksen M, Alkjaer T, Lund H, et al.: Experimental 
quadriceps muscle pain impairs knee joint control during 
walking. J Appl Physiol 2007, 103:132–139.

This article discusses impaired knee joint control and joint instability 
during walking as a consequence of the induced muscle pain in the 
knee. The defi cit of joint control may leave the knee joint prone to 
injury and potentially participate in the translation from acute to 
chronic musculoskeletal problems. 
45. Matre DA, Sinkaer T, Svensson P, Arendt-Nielsen L: Experi-

mental muscle pain increases the human stretch refl ex. Pain 
1998, 75:331–339.

46.•• Birznieks I, Burton AR, Macefi eld VG: The effects of 
experimental muscle and skin pain on the static stretch 
sensitivity of human muscle spindles in relaxed leg muscles. 
J Physiol 2008, 586:2713–2723.

Novel microneurography recordings from human spindle afferents 
showed no increased discharge activity during experimental muscle 
pain. It is therefore not likely that muscle pain will cause an increase 
in the fusimotor drive, in contrast to the vicious cycle hypothesis.
47. Wang K, Svensson P, Arendt-Nielsen L: Modulation of 

exteroceptive suppression periods in human jaw-closing 
muscles by local and remote experimental muscle pain. Pain 
1999, 82:253–262.

48. Rossi A, Mazzocchio R, Decchi B: Effect of chemically 
activated fi ne muscle afferents on spinal recurrent inhibition 
in humans. Clin Neurophysiol 2003, 114:279–287.

49.•• Martin PG, Weerakkody N, Gandevia SC, Taylor JL: Group 
III and IV muscle afferents differentially affect the motor 
cortex and motoneurones in humans. J Physiol 2008, 
586:1277–1289.

This article outlines the complex and differential pain-related modu-
lation of motoneurone excitability at the cortical and spinal levels.
50. Le Pera D, Graven-Nielsen T, Valeriani M, et al.: Inhibition 

of motor system excitability at cortical and spinal level by 
tonic muscle pain. Clin Neurophysiol 2001, 112:1633–1641.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 150
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ENU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


