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ABSTRACT 40 

Objective: An association exists between repetitive movements and neck-shoulder muscle pain. 41 

The mechanisms underlying this association remain unclear. This observational study investigated 42 

the effect of upper trapezius muscle pain on the distribution of upper trapezius activity during 43 

repetitive lifting. It was hypothesized that nociception would change the distribution of activity 44 

resulting in activation of muscle regions which would not normally be active during the task. 45 

Methods: Healthy men repeatedly lifted a box with a cycle time of 3s for 50 cycles, at baseline, 46 

following injection of isotonic and hypertonic saline into the upper trapezius muscle and 15 mins 47 

after the last injection. High-density surface electromyography (EMG) was recorded from the upper 48 

trapezius using a grid of 64 electrodes. The EMG amplitude was computed for each location to 49 

form a map of the EMG amplitude distribution.  50 

Results: During the painful condition, the overall EMG amplitude was lower compared to all other 51 

conditions (p<0.05) and in addition, the center of activity of upper trapezius was shifted towards the 52 

caudal region of the muscle (p<0.01), a region not normally active during the task. The described 53 

alterations of muscle activity likely play an important role in the perpetuation of pain during 54 

repetitive activity.  55 

Discussion: Novel mapping of the spatial distribution of upper trapezius muscle activity showed 56 

that nociception induced a redistribution of activity during repetitive lifting. This knowledge 57 

provides new insights into the mechanisms underlying the perpetuation of pain with repetitive 58 

activity. 59 

Keywords. Muscle pain, repetitive work, work-related musculoskeletal disorders, high-density 60 

EMG 61 

 62 
 63 
 64 
 65 
 66 
 67 
 68 
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INTRODUCTION 69 

 Pain localized to the neck-shoulder region is an increasing problem in both general and 70 

working populations 
1
. Muscle pain frequently affects the upper division of the trapezius muscle, 71 

and patients typically complain of dull pain and stiffness. A prospective study among healthy 72 

female packers indicated that within the first year of employment more than 50% of workers 73 

develop trapezius myalgia 
2
. Similarly an investigation among both blue- and white-collar workers 74 

with pain symptoms in the upper quadrant reported the highest prevalence of myofascial trigger 75 

points in the upper trapezius muscle 
3
. Epidemiological reviews provide strong evidence for an 76 

association between repetitive movements, awkward posture, and the development of neck-shoulder 77 

muscle pain 
4-7

. However the mechanisms underlying these associations remain unclear. One likely 78 

mechanism could be pain induced changes in neuromuscular control during repetitive movements, 79 

for instance to protect the painful region, which could eventually perpetuate the painful condition.  80 

 Pain within the region of the trapezius muscle is known to limit maximal voluntary 81 

contraction, reduce endurance, and induce adaptive changes in muscle coordination during complex 82 

tasks 
8-11

. Additionally, studies using high-density surface electromyography (EMG) have shown a 83 

change in the spatial distribution of trapezius muscle activity during sustained isometric 84 

contractions following noxious stimulation of the upper trapezius muscle via injection of hypertonic 85 

saline 
12-14

. Furthermore, high-density EMG investigations revealed a different distribution of 86 

muscle activity in people with fibromyalgia 
15-16

 and that pain prevents the redistribution of muscle 87 

activity to different regions of the upper trapezius during sustained shoulder abduction in this 88 

patient group 
17

. These findings suggest that nociception induces a change in the distribution of 89 

upper trapezius muscle activity during isometric tasks leading to suboptimal production of force and 90 

potential overload on specific muscle regions. However, whether or not nociception induces a 91 

change in the distribution of upper trapezius muscle activity during repetitive tasks is unknown. 92 

Such knowledge would further our understanding of the mechanisms contributing to ongoing pain 93 

with repetitive work activity.  94 
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 Here we investigate the effect of experimentally induced upper trapezius muscle pain on the 95 

distribution of upper trapezius muscle activity during a repetitive dynamic task. High-density 96 

surface EMG was utilized to provide topographical representations of the EMG amplitude, and 97 

relative adaptations in the intensity of activity within regions of the upper trapezius muscle were 98 

quantified. It was hypothesized that nociception would change the distribution of upper trapezius 99 

muscle activity resulting in activation of muscle regions which would not normally be active during 100 

the task. 101 

 102 

MATERIAL AND METHODS 103 

Subjects   104 

Ten healthy male (age: 26.2 ± 3.1 years, height: 178.2 ± 6.3 cm, weight: 71.3 ± 9.2 kg) 105 

volunteers participated in this observational study after providing written informed consent. All 106 

participants were free of shoulder and neck pain, had no past history of orthopedic disorders 107 

affecting the shoulder or neck region and no history of neurological disorders. All subjects were 108 

right hand dominant. Ethical approval for the study was granted by the local Ethics Committee 109 

(200538) and all procedures were conducted according to the Declaration of Helsinki. All subjects 110 

completed the study. 111 

 112 

Experimental procedure 113 

 Subjects attended a single laboratory session were required to lift a 1 kg box between 114 

shelves positioned at hip and shoulder height with a cycle time of 3 s for 50 cycles. Subjects were 115 

asked to sit tall on an angled cushion positioned on a table, in order to have both legs suspended and 116 

avoid possible compensation from leg muscles. An acoustic signal from a digital metronome was 117 

provided to the subjects during the task to standardize the duration of cycles. Subjects repeated the 118 

task four times: 1. baseline, 2. following injection of isotonic saline into the right upper trapezius 119 

muscle, 3. following injection of hypertonic saline into the right upper trapezius muscle and 4. 15 120 
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mins after the last injection (recovery). The rest interval between the repetitions was set to 15 121 

minutes starting from the moment when the pain caused by the injections disappeared. Subjects 122 

practiced the movement sequence for ~1 min without the weight prior to data recording. 123 

 124 

Experimental Muscle Pain 125 

Experimental muscle pain was induced by injection (27G cannula) of 0.4 ml sterile 126 

hypertonic saline (5.8%) into the upper division of the trapezius on the right side. Isotonic saline 127 

(0.4 ml, 0.9 %) was used as a control injection in a similar location. For both injections, subjects 128 

were positioned in comfortable sitting. The location of the injection was defined as 15 mm cranial 129 

to the line between the acromion and the spinous process of the seventh cervical vertebra. The bolus 130 

was injected over a 10-s period. The isotonic saline injection was given first however participants 131 

were blinded to each injection and were told that one or both might be painful. 132 

 133 

Measures of Perceived Pain Intensity and Area 134 

Participants were asked to verbally rate their level of perceived pain intensity on an 11 point 135 

numerical rating scale (NRS) anchored with “no pain” and “the worst possible pain imaginable”. 136 

Pain intensity ratings were obtained immediately following the injection and every 30 s until pain 137 

was no longer reported. Peak pain intensity and duration of pain were extracted. Participants 138 

documented their area of pain on a simple body chart illustrating an outline of a body. Pain 139 

drawings were subsequently digitized (ACECAD D9000 + Taiwan) and pain areas measured in 140 

arbitrary units.  141 

 142 

Electromyography 143 

Surface EMG signals were detected with a semi-disposable adhesive grid of electrodes (OT 144 

Bioelettronica, Torino, Italy). The grid consists of 13 rows and 5 columns of electrodes (1-mm 145 

diameter, 8-mm inter-electrode distance in both directions) with one absent electrode at the upper 146 
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right corner (Figure 1). The position corresponding to the missing electrode was used as the origin 147 

of the coordinate system to define the electrode location. Prior to electrode placement, the main 148 

innervation zone location of the right upper trapezius was identified between the seventh cervical 149 

vertebra (C7) and the lateral edge of the acromion line with an array of 8 electrodes (silver bars, 5-150 

mm long, 1-mm diameter, 5-mm inter-electrode distance). The electrode grid was placed with the 151 

4
th

 row along the line between C7 and the lateral edge of the acromion with the lateral electrode 152 

column 10-mm distant from the innervation zone location (Figure 1). The injections were 153 

performed lateral to the electrode grid (~ 10 mm) and corresponded to the 4th row of the grid.  154 

The subject’s skin was prepared by gentle local abrasion (Medic-Every, Parma, Italy) and 155 

cleaned with water. 30 µl of conductive gel was inserted into each cavity of the grid to provide 156 

electrode-skin contact. A ground electrode was placed around the right wrist. 157 

The bipolar EMG signals were amplified (128-channel surface EMG amplifier, OT 158 

Bioelettronica, Torino, Italy; -3dB bandwidth 10-500 Hz) by a factor of 2000, sampled at 2048 Hz, 159 

and converted to digital form by a 12-bit analog-to-digital converter. 160 

 161 

Signal Analysis 162 

Surface EMG signals were off-line band-pass filtered (second order Butterworth filter; -3 163 

dB bandwidth, 10-400Hz). 51 bipolar EMG signals along the direction of the muscle fibers were 164 

obtained from the grid (13 x 4 bipolar recordings with one absent electrode). Root mean square 165 

(RMS) values were computed from each bipolar recording from adjacent, non-overlapping signal 166 

epochs of 1-s duration. For graphical representation, the 51 values were linearly interpolated by a 167 

factor of 8 but only the original values were used for data processing and statistical analysis. To 168 

characterize the spatial distribution of muscle activity, the following variables were extracted from 169 

the 51 bipolar signals: RMS averaged over the 51 signals, entropy, and the two coordinates of the 170 

centroid of the RMS map (x and y-axis coordinates for the medial-lateral and cranial-caudal 171 

direction, respectively) 
13,18

. The centroid of the amplitude map is the mathematical barycenter of 172 
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the map. Entropy indicates the degree of homogeneity in activation, with higher values 173 

corresponding to more uniform distribution of the RMS values over the grid.  174 

Four uniaxial accelerometers (two parallel and two perpendicular to the horizontal plane) 175 

were mounted on the box to obtain the start and end points of the cyclic movement. The signals 176 

from the accelerometers were rectified, averaged and low pass filtered (Butterworth 2
nd

 order filter, 177 

anticausal, 10 Hz cut-off) in order to identify the instant of contact of the box with the shelf. A 178 

simple threshold on the resulting signal was sufficient to identify the contact instants of the box 179 

with each of the two shelves. This operation was necessary to extract the correct timing of the 180 

cycles and to compensate possible errors with respect to the timing provided by the metronome. 181 

Each cycle was divided in 10 epochs of equal length and the EMG signals were analyzed 182 

separately for each epoch of each cycle. The epochs are indicated in the following paragraphs as 183 

percentages with respect to the cycle duration (e.g. 30% cycle indicates the third of the 10 epochs of 184 

a cycle). The EMG variables were then averaged across the 50 cycles for each epoch of the cycle. 185 

 186 

Statistical analysis 187 

One-way ANOVAs were applied to the duration, area and intensity of pain with condition 188 

(hypertonic, isotonic) as a factor. Repeated measures ANOVAs were applied to RMS, entropy and x 189 

and y-axis coordinates with condition (baseline, isotonic, hypertonic, post) and stage of cycle (10% 190 

intervals of the cycle) as factors.  191 

Significant differences revealed by ANOVA were followed by post-hoc Student-Newman-192 

Keuls (SNK) pair-wise comparisons. Results are reported as mean and standard deviation (SD) in 193 

the text and standard error (SE) in the figures. Statistical analyses were performed with SPSS 194 

Version 22.0 (IBM Corp., Armonk, NY, USA). Statistical significance was set at p<0.05. 195 

 196 

 197 

 198 

 199 
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RESULTS 200 

Sensory characteristics  201 

Peak pain intensity was greater following the injection of hypertonic (5.5 ± 1.8) compared to 202 

isotonic saline (0.9 ± 0.8, p<0.00001; Figure 2). Pain duration and area were significantly greater 203 

following hypertonic compared to isotonic saline injection (both p<0.00001). Total mapped pain 204 

areas were 0.25 ± 0.18 and 0.02 ± 0.05 (arbitrary units) for the hypertonic and isotonic saline 205 

injections respectively.  206 

  207 

Electromyography  208 

 Figure 3 illustrates the average EMG amplitude (averaged across the entire grid of 209 

electrodes) for each of the four conditions. An overall reduction in the amplitude of upper trapezius 210 

activity is evident in the painful condition compared to the other conditions. Consistent with this 211 

observation, the mean RMS was dependent on the interaction between condition and stage of the 212 

cyclic movement (F=8.5, p<0.00001). The mean RMS was lower during the painful condition 213 

compared to baseline, post and recovery during stages 30-70% of the cyclic movement (SNK: all 214 

p<0.05; Figure 3), stages when the muscle should have been most active.  215 

The y-axis coordinate of the centroid of the EMG map was also significantly dependent on 216 

condition (F=7.5, p<0.001) with higher values observed during the painful condition compared to 217 

all other conditions (SNK: all p<0.01; Figure 4). This indicates that center of activity was shifted in 218 

the caudal direction in the painful condition. No differences were observed between the baseline, 219 

isotonic or recovery conditions (p>0.05).   220 

Figure 5 provides representative EMG amplitude maps from a single subject extracted at 221 

60% of the cycle for the four conditions. Note the overall reduced EMG amplitude and shift of 222 

activity away from the cranial direction in the painful condition. On the contrary the x-axis 223 

coordinate of the centroid of the EMG map did not differ between conditions (p>0.05; Figure 6).   224 
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Figure 7 illustrates the entropy measured from the EMG amplitude maps recorded for each 225 

cycle of the task from a single representative subject for all four conditions. Note that the EMG 226 

amplitude becomes more uniform in the painful condition. Accordingly, the entropy of the EMG 227 

amplitude was dependent on the interaction between condition and stage of the cyclic movement 228 

(F=2.5, p<0.001) with a higher percentage of entropy observed during the painful condition 229 

compared to all other conditions at stages 30-80% of the cyclic movement (SNK: all p<0.01; Figure 230 

8). Entropy was also higher for the painful condition at stage 20% of the cycle compared to the 231 

isotonic and recovery conditions (SNK: both p<0.05). 232 

 233 

DISCUSSION 234 

 Noxious stimulation of the upper trapezius resulted in a shift of the distribution of activity 235 

towards the caudal region of the muscle during performance of a repetitive lifting task. This change 236 

in the distribution of activity to different regions of the muscle may have important implications for 237 

the perpetuation and worsening of neck-shoulder pain during repetitive tasks. 238 

During the baseline and control conditions, there was a general increase in the amplitude of 239 

upper trapezius activity during the lifting phase of the task (stages ~30-70%). This was expected 240 

and is in line with the anatomical action of the muscle. Activation of the upper trapezius is essential 241 

for normal scapulohumeral rhythm during arm elevation 
19

. Normal scapulohumeral rhythm 242 

requires upward rotation of the scapula which is provided by the force couple of the trapezius and 243 

serratus anterior, in order to prevent the rotator cuff tendon from impinging against the anterolateral 244 

acromion 
19,20

. Moreover, the results revealed a shift in the distribution of activity towards the 245 

cranial region of the muscle during the elevation phase of the task. The relative adaptations in the 246 

intensity of activity within muscle regions may be attributed to variation in peripheral properties or 247 

in the control of motor units within a muscle. For example, since muscle fibers within the upper 248 

trapezius have non-uniform morphological and histological properties 
21

, an increase in the neural 249 

drive to the muscle would result in preferential activation of specific muscle regions. Most likely, 250 
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motor unit recruitment or the discharge rate of the active motor units varied within the different 251 

regions of the muscle 
22,23

. The cranial shift in the distribution of upper trapezius activity likely 252 

reflects a shift in activation towards the muscle fibers which have a better mechanical advantage to 253 

generate the upward rotation and elevation of the scapula with arm elevation. This pattern of upper 254 

trapezius muscle activation during the repetitive task was consistent between the baseline and 255 

control conditions and is in agreement with the characteristic increase in surface EMG amplitude 256 

towards the cranial region of the upper trapezius muscle with increasing force 
24

.  257 

 An overall reduction of upper trapezius activity was observed following noxious stimulation 258 

of the upper trapezius muscle. This observation is line with several studies which demonstrated that 259 

injection of hypertonic saline (experimental muscle pain), which excites nociceptive muscle 260 

afferents (group III and IV), reduces the activation of the painful muscle 
13,25-27

. Reduced muscle 261 

activation implies that the nociceptive input reduced the net excitatory input to the population of 262 

motor neurons
 28,29 

which is likely due to decreased descending drive to the muscle or to pure spinal 263 

mechanisms, or more likely, a combination of both. 264 

 Novel to this study, we also observed a shift of the distribution of upper trapezius activity 265 

during performance of the repetitive task. Specifically, the center of trapezius muscle activity was 266 

shifted more caudally in the painful condition. This implies that regions of the muscle which would 267 

not normally be as active, became active in the painful condition and that regions which would 268 

normally be active (based on their anatomical action) became less active. This change resulted in 269 

more uniform activation of the upper trapezius muscle as seen from the entropy data. This new 270 

motor strategy may be seen as effective mechanism to “protect” the painful region 
30,31

. However, 271 

based on anatomical considerations, the “new” pattern of trapezius muscle activation in the painful 272 

condition can be seen as inefficient motor strategy. Previous investigations of the distribution of 273 

upper trapezius muscle activity using high-density EMG have observed a shift in the distribution of 274 

activation towards the caudal region of the muscle during painful conditions, albeit during isometric 275 

shoulder abduction 
12-14

. Additionally, people with fibromyalgia display activation of their upper 276 
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trapezius which is centered more caudally compared to pain-free participants during sustained 277 

shoulder abduction 
17

. Moreover, a recent study of people with low back pain showed that patients 278 

performed a repetitive task with a different distribution of lumbar erector spinae muscle activity 279 

compared to pain-free volunteers 
32

. Although there may be a short term benefit of such an adaption 280 

as it allows the person to complete the motor task, the long term consequence of these altered motor 281 

strategies may be overload of muscle fibers and as a further consequence, perpetuation or 282 

recurrence of pain.   283 

 Hodges and Tucker 
31

 proposed a theory of motor adaptation to pain, which explained a 284 

large number of findings that were not fully explained by previous theories such as the Pain 285 

Adaptation 
33

 or Vicious Cycle 
34

 theories. One element of this new theory is that muscle activity is 286 

redistributed to minimize activity of the painful region with the aim of “protecting” the painful area. 287 

The current results support this theory since the shift of activity was away from the site of local 288 

noxious stimulation. However, other work has shown a shift of the distribution of muscle activity 289 

towards the caudal (painful) region of the upper trapezius during isometric shoulder abduction even 290 

when the site of noxious stimulation is in the caudal region 
13

. Motor units in the caudal region of 291 

the upper trapezius have greater discharge rates during sustained shoulder abduction than motor 292 

units in cranial regions 
22-23

 which suggests that motor units in the caudal region have lower 293 

recruitment thresholds than those in the cranial region. Since nociception decreases the net 294 

excitatory drive to the motor neurons 
28,29

, the presence of pain in the upper trapezius is expected to 295 

reduce muscle activity predominantly in the cranial region, where motor units have higher threshold 296 

for activation.  Thus when the upper trapezius muscle is painful, regardless of the location of pain, 297 

the adaptation of the upper trapezius aims preferentially to minimize activation of the cranial 298 

region; possibly because this region has higher pain sensitivity 
35

. 299 

Clinical considerations 300 

Repetitive movement is a physical risk for work-related musculoskeletal disorders including 301 

those of the neck-shoulder region 
36

. The proportion of workers exposed to repetitive arm 302 
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movement continues to increase 
37

.  Needless to say, musculoskeletal disorders located in the neck–303 

shoulder region are associated with substantial socio-economic consequences 
36

. Changes in the 304 

activation of upper trapezius have been observed in people with neck-shoulder disorders and 305 

include altered activation during repetitive tasks 
38-40

 and computer work 
41

, reduced ability to relax 306 

the upper trapezius following voluntary activation 
39

 and reduced rest periods of the upper trapezius 307 

during repetitive tasks 
42

. Given the common complaint of upper trapezius muscle pain and the 308 

alterations of upper trapezius activity which have been frequently documented in people with neck-309 

shoulder disorders, further studies investigating the basic effect of nociception on the activation of 310 

the trapezius muscle have been needed to better understand the potential associations between 311 

repetitive movement, pain and altered motor control. By applying state of the art, high-density 312 

surface EMG, the current work revealed a change in the distribution of upper trapezius activity 313 

during repetitive work when pain is present. These findings may be relevant for interpreting 314 

changes in trapezius activity in clinical pain conditions and offer further insight into the hypothesis 315 

of overload of muscle regions and overexertion of low-threshold motor units in the presence of 316 

upper trapezius pain 
43

.         317 

 318 

Methodological considerations 319 

 It is likely that the noxious stimulation of the upper trapezius induced a reorganization of the 320 

activation of other neck, shoulder and/or scapular muscles 
25,45

.  However, we preferred to have 321 

more channels placed over the trapezius muscle in order to generate a larger mapping of trapezius 322 

muscle activity rather than having a reduced number of electrodes spread over multiple muscles. 323 

Since upper trapezius activity changed in the painful condition, it is also possible that scapular 324 

motion was altered during the lifting task. Motion analysis of the upper quadrant may have 325 

strengthened the current observations. The lack of kinematic analysis of task performance does not 326 

allow us to conclude that the task was performed in exactly the same way in the painful condition 327 

i.e. that the subjects were doing the same movements, although using different muscle patterns. 328 
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Even though the general posture and performance of the subjects were monitored throughout by 329 

investigators to ensure consistency, we cannot exclude subtle variations in movement between 330 

conditions. Nonetheless, other studies using more constrained tasks have confirmed that the 331 

kinematics of the task can remain the same in painful and control conditions despite reorganization 332 

of muscle activation 
25,45

. 333 

The electrode grid was positioned in order to be within the region of the upper trapezius and 334 

achieve coverage of a large proportion of the upper trapezius in the longitudinal direction. In some 335 

cases the electrode grid may have covered a portion of the middle division of trapezius. However 336 

this would not affect the main conclusion of the study, as the middle fibers of the trapezius are not 337 

anatomically suited to provide scapular elevation with arm elevation.  338 

Experimental muscle pain provides a means to explore the effect of nociception on motor 339 

control in the absence of pathological changes within the muscle and joint. Thus for the purposes of 340 

the current study, this approach allowed us to specifically evaluate the effect of nociception on the 341 

distribution of upper trapezius muscle activity. However, different results may be seen in people 342 

with work-related neck-shoulder pain, especially in people with high levels of kinesiophobia where 343 

their motor strategy may be altered in a different way due to fear of pain provocation with 344 

movement.  Although the sample size was small it is in line with previous experimental pain studies 345 

however, it should be noted that the subjects were young men and the results cannot necessarily be 346 

generalized to women or older persons. This is a limitation of the study especially considering the 347 

higher prevalence of trapezius myalgia in women 
5
.  Finally, a potential further limitation of the 348 

study is that the order of the injections was not randomized although, the participants were advised 349 

that one or both could be painful. Moreover a recovery condition was included.  350 

 351 

Conclusion 352 

Repetitive tasks are an important risk factor for initiation, maintenance and recurrence of neck-353 

shoulder pain. This study revealed a different distribution of upper trapezius activity when a repetitive 354 
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lifting task was performed in the presence of pain. This knowledge provides new insights into the 355 

mechanisms underlying the perpetuation of pain with repetitive activity. 356 

 357 

 358 

 359 

 360 

Declaration: The authors declare no conflict of interest. Not supported by external funding.  361 

Contributors: DF, CC, RL contributed to the conception and design of the study. CC and RL 362 

collected the data. CC, DF and MB analysed the data. DF and MB wrote the first draft of the paper. 363 

All authors contributed to the interpretation of findings, revising the manuscript for important 364 

intellectual content, and approved the final version to be published. All authors had full access to all 365 

of the data (including statistical reports and tables) in the study and can take responsibility for the 366 

integrity of the data and the accuracy of the data analysis. 367 

 368 

 369 

 370 

 371 

 372 

 373 

 374 

 375 

 376 

 377 

 378 



15 

 

REFERENCES 379 

 380 
1. Hagberg M. Clinical assessment, prognosis and return to work with reference to work 381 

related neck and upper limb disorders. G Ital Med Lav Ergon 2005;27: 51-57. 382 
2. Veiersted KB and Westgaard RH. Development of trapezius myalgia among female workers 383 

performing light manual work. Scand J Work Environ Health 1993;19: 277-283. 384 
3. Fernández-de-las-Peñas C, Gröbli C, Ortega-Santiago R, Fischer CS, Boesch D, Froidevaux 385 

P, Stocker L, Weissmann R, González-Iglesias J. Referred pain from myofascial trigger 386 
points in head, neck, shoulder, and arm muscles reproduces pain symptoms in blue-collar 387 
(manual) and white-collar (office) workers. Clin J Pain 2012;28: 511-518. 388 

4. Bongers PM, Ijmker S, van den Heuvel S, Blatter BM. Epidemiology of work related neck 389 
and upper limb problems: psychosocial and personal risk factors (part I) and effective 390 
interventions from a bio behavioural perspective (part II). J Occup Rehabil 2006;16: 279-391 
302. 392 

5. Larsson B, Søgaard K, Rosendal L. Work related neck-shoulder pain: a review on 393 
magnitude, risk factors, biochemical characteristics, clinical picture and preventive 394 
interventions. Best Pract Res Clin Rheumatol 2007;21: 447-463. 395 

6. Sommerich CM, McGlothlin JD, Marras WS. Occupational risk factors associated with soft 396 
tissue disorders of the shoulder: a review of recent investigations in the literature. 397 
Ergonomics 1993;36: 697-717. 398 

7. van Rijn  RM, Huisstede BM, Koes BW, Burdorf A. Associations between work-related 399 
factors and specific disorders of the shoulder--a systematic review of the literature. Scand J 400 
Work Environ Health 2010;36: 189-2001. 401 

8. Ge HY, Arendt-Nielsen L, Madeleine P. Accelerated muscle fatigability of latent myofascial 402 
trigger points in humans. Pain Med 2012;13: 957-964. 403 

9. Ge HY, Monterde S, Graven-Nielsen T, Arendt-Nielsen L. Latent myofascial trigger points 404 
are associated with an increased intramuscular electromyographic activity during synergistic 405 
muscle activation. J Pain 2014;15: 181-187. 406 

10. Ibarra JM, Ge HY, Wang C, Martínez Vizcaíno V, Graven-Nielsen T, Arendt-Nielsen L. 407 
Latent myofascial trigger points are associated with an increased antagonistic muscle 408 
activity during agonist muscle contraction. J Pain 2011;12: 1282-1288. 409 

11. Lucas KR, Rich PA, Polus BI. Muscle activation patterns in the scapular positioning 410 
muscles during loaded scapular plane elevation: the effects of Latent Myofascial Trigger 411 
Points. Clin Biomech (Bristol, Avon) 2010;25: 765-770. 412 

12. Falla D, Arendt-Nielsen L, Farina D. Gender-specific adaptations of upper trapezius muscle 413 
activity to acute nociceptive stimulation. Pain 2008;138: 217-225. 414 

13. Falla D, Arendt-Nielsen L, Farina D. The pain-induced change in relative activation of 415 
upper trapezius muscle regions is independent of the site of noxious stimulation. Clin 416 
Neurophysiol 2009;120: 150-157. 417 

14. Madeleine P, Leclerc F, Arendt-Nielsen L, Ravier P, Farina D. Experimental muscle pain 418 
changes the spatial distribution of upper trapezius muscle activity during sustained 419 
contraction. Clin Neurophysiol 2006;117: 2436-2445. 420 

15. Gerdle B, Grönlund C, Karlsson SJ, Holtermann A, Roeleveld K. Altered neuromuscular 421 
control mechanisms of the trapezius muscle in fibromyalgia. BMC Musculoskelet Disord 422 
2010;5: 42. 423 

16. Holtermann A, Grönlund C, Roeleveld K, Gerdle B. The relation between neuromuscular 424 
control and pain intensity in fibromyalgia. J Electromyogr Kinesiol 2011;21: 519-524. 425 

17. Falla D, Andersen H, Danneskiold-Samsøe B, Arendt-Nielsen L, Farina D. Adaptations of 426 
upper trapezius muscle activity during sustained contractions in women with fibromyalgia. J 427 
Electromyogr Kinesiol 2010;20: 457-464. 428 



16 

 

18. Farina D, Leclerc F, Arendt-Nielsen L, Buttelli O, Madeleine P. The change in spatial 429 
distribution of upper trapezius muscle activity is correlated to contraction duration. J 430 
Electromyogr Kinesiol 2008;18: 16-25. 431 

19. Ludewig PM and Cook TM. Alterations in shoulder kinematics and associated muscle 432 
activity in people with symptoms of shoulder impingement. Phys Ther 2000;80: 276-291. 433 

20. McCabe RA, Orishimo KF, McHugh MP, Nicholas SJ. Surface electromygraphic analysis 434 
of the lower trapezius muscle during exercises performed below ninety degrees of shoulder 435 
elevation in healthy subjects. N Am J Sports Phys Ther 2007;2: 34-43. 436 

21. Lindman R, Eriksson A, Thornell LE. Fiber type composition of the human male trapezius 437 
muscle: enzyme-histochemical characteristics. Am J Anat 1990;189: 236-244. 438 

22. Falla D and Farina D. Motor units in cranial and caudal regions of the upper trapezius 439 
muscle have different discharge rates during brief static contractions. Acta Physiol (Oxf) 440 
2008;192: 551-558. 441 

23. Falla D and Farina D. Non-uniform adaptation of motor unit discharge rates during 442 
sustained static contraction of the upper trapezius muscle. Exp Brain Res 2008;191: 363-443 
370. 444 

24. Holtermann A and Roeleveld K. EMG amplitude distribution changes over the upper 445 
trapezius muscle are similar in sustained and ramp contractions. Acta Physiol 2006;186: 446 
159-168. 447 

25. Gizzi L, Muceli S, Petzke F, Falla D. Experimental muscle pain impairs the synergistic 448 
modular control of neck muscles. PLoS One 2015;18: e0137844. 449 

26. Graven-Nielsen T, Svensson P, Arendt-Nielsen L. Effects of experimental muscle pain on 450 
muscle activity and co-ordination during static and dynamic motor function. Electroenc Clin 451 
Neurogr 1997;105: 156-164. 452 

27. Svensson P, Arendt-Nielsen L, Houe L. Muscle pain modulates mastication: an 453 
experimental study in humans. J Orofac Pain 1998;12: 7-16. 454 

28. Farina D, Arendt-Nielsen L, Merletti R, Graven-Nielsen T. Effect of experimental muscle 455 
pain on motor unit firing rate and conduction velocity. J Neurophysiol 2004;91: 1250-1259. 456 

29. Sohn MK, Graven-Nielsen T, Arendt-Nielsen L, Svensson P. Inhibition of motor unit firing 457 
during experimental muscle pain in humans. Muscle Nerve 2000;23: 1219-1226. 458 

30. Hodges P and Falla D. Interaction between pain and sensorimotor control. In:  Grieves 459 
Modern Musculoskeletal Physiotherapy UK: Elsevier; 2015. 460 

31. Hodges PW and Tucker K. Moving differently in pain: A new theory to explain the 461 
adaptation to pain. Pain 2011;152: S90-S98.  462 

32. Falla D, Gizzi L, Tschapek M, Erlenwein J, F. P. Reduced task-induced variations in the 463 
distribution of activity across back muscle regions in individuals with low back pain. Pain 464 
2014;155: 944-953 465 

33. Lund JP, Donga R, Widmer CG, Stohler CS. The pain-adaptation model: a discussion of the 466 
relationship between chronic musculoskeletal pain and motor activity. Can J Physiol 467 
Pharmacol 1991;69: 683-694. 468 

34. Johansson H and Sojka P. Pathophysiological mechanisms involved in genesis and spread of 469 
muscular tension in occupational muscle pain and in chronic musculoskeletal pain 470 
syndromes: a hypothesis. Med Hypotheses 1991;35: 196-203. 471 

35. Binderup AT, Arendt-Nielsen L, Madeleine P. Pressure pain sensitivity maps of the neck-472 
shoulder and the low back regions in men and women. BMC Musculoskelet Disord 473 
2010;12: 234. 474 

36. Farioli A, Mattioli S, Quaglieri A, Curti S, Violante FS, Coggon D. Musculoskeletal pain in 475 
Europe: the role of personal, occupational, and social risk factors. Scand J Work Environ 476 
Health 2014;40: 36-46. 477 



17 

 

37. Forth European working conditions survey. European Foundation for the Improvement of 478 
the Living and Working Conditions. Office for Official Publications of the European 479 
Communities, Luxembourg.  2007. 480 

38. Elert J, Kendall SA, Larsson B, Mansson B, Gerdle B. Chronic pain and difficulty in 481 
relaxing postural muscles in patients with fibromyalgia and chronic whiplash associated 482 
disorders. J Rheumatol 2001;28: 1361-1368. 483 

39. Falla D, Bilenkij G, Jull G. Patients with chronic neck pain demonstrate altered patterns of 484 
muscle activation during performance of a functional upper limb task. Spine 2004;29: 1436-485 
1440. 486 

40. Johnston V, Jull G, Souvlis T, Darnell R, Jimmieson NL. Alterations in cervical muscle 487 
activity in functional and stressful tasks in female office workers with neck pain. Eur J Appl 488 
Physiol 2008: In Press. 489 

41. Szeto GP, Straker LM, O'Sullivan PB. A comparison of symptomatic and asymptomatic 490 
office workers performing monotonous keyboard work 1: Neck and shoulder muscle 491 
recruitment patterns. Man Ther 2005;10: 270-280. 492 

42. Fredin Y, Elert J, Britschgi N, Nyberg V, Vaher A, Gerdle B. A decreased ability to relax 493 
between repetitive muscle contractions in patients with chronic symptoms after whiplash 494 
trauma of the neck. Journal of Musculoskeletal Pain 1997;5: 55-70. 495 

43. Hagg GM. Static work loads and occupational myalgia-a new explanation model. In:  496 
Electromyographical Kinesiology.Amsterdam: Elsevier; 1991; 141-143. 497 

44. Muceli S, Falla D, Farina D. Reorganization of muscle synergies during multidirectional 498 
reaching in the horizontal plane with experimental muscle pain. J Neurophysiol 2014;111: 499 
615-630. 500 

 501 
 502 
 503 
 504 
 505 
 506 
 507 
 508 
 509 
 510 
 511 
 512 
 513 
 514 
 515 
 516 
 517 
 518 
 519 
 520 
 521 
 522 
 523 
 524 
 525 
 526 
 527 
 528 



18 

 

FIGURE LEGENDS 529 

 530 

Figure 1: High-density surface EMG signals were detected using a semi-disposable adhesive grid 531 

of electrodes over the right upper trapezius muscle. The grid consists of 13 rows and 5 columns of 532 

electrodes with one electrode absent at the upper right corner. The electrode grid was placed with 533 

the 4th row along the C7-acromion line. The injection was performed lateral to the electrode grid (~ 534 

10 mm) 15 mm cranial to the line between the acromion and the spinous process of the seventh 535 

cervical vertebra. 536 

 537 

Figure 2:  Mean (+ SE) pain intensity scores following injection of 0.4 ml of hypertonic saline and 538 

0.4 ml of isotonic saline into the cranial of the upper trapezius.  539 

 540 

Figure 3:  Mean (± SE) of the average root mean square (RMS) estimated for each stage of the 541 

repetitive lifting task. Each cycle was divided in 10 epochs of equal length and the EMG signals 542 

were analyzed separately for each epoch of each cycle. The EMG variables were then averaged 543 

across the 50 cycles for each epoch of the cycle. Data are expressed in percentages (0-100%) with 544 

respect to the cycle duration.  Significant difference between hypertonic saline condition compared 545 

to baseline:  * p<0.05; significant difference between hypertonic saline condition compared to 546 

isotonic saline condition:  # p<0.05; significant difference between hypertonic saline condition 547 

compared to recover condition:  ‡ p<0.05. 548 

 549 

Figure 4:  Mean (± SE) of the y-axis coordinate of the centroid of the RMS map estimated for each 550 

stage of the repetitive lifting task. Each cycle was divided in 10 epochs of equal length and the 551 

EMG signals were analyzed separately for each epoch of each cycle. The EMG variables were then 552 

averaged across the 50 cycles for each epoch of the cycle. Data are expressed in percentages (0-553 

100%) with respect to the cycle duration.  Significant difference between hypertonic saline 554 
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condition compared to baseline:  * p<0.01; significant difference between hypertonic saline 555 

condition compared to isotonic saline condition:  # p<0.01; significant difference between 556 

hypertonic saline condition compared to recover condition:  ‡ p<0.01. 557 

 558 

Figure 5: Representative topographical maps (interpolation by a factor 8) of the EMG root mean 559 

square (RMS) value recorded for one subject during the stage 60% of the repetitive lifting task at 560 

baseline, following the injection of isotonic saline and hypertonic saline into the cranial region of 561 

the upper trapezius and following 15 min of rest after the last injection (recovery). Colors are scaled 562 

between the minimum and maximum RMS values. Areas of dark blue correspond to areas of low 563 

EMG amplitude and dark red to areas of high EMG amplitude. Note the overall decrease of EMG 564 

amplitude in the painful condition (hypertonic) and the general shift of activity towards the caudal 565 

region of the muscle.  566 

 567 

Figure 6: Mean (± SE) of the x-axis coordinate of the centroid of the RMS map estimated for each 568 

stage of the repetitive lifting task. Each cycle was divided in 10 epochs of equal length and the 569 

EMG signals were analyzed separately for each epoch of each cycle. The EMG variables were then 570 

averaged across the 50 cycles for each epoch of the cycle. Data are expressed in percentages (0-571 

100%) with respect to the cycle duration.  No significant differences were identified.  572 

 573 

Figure 7: Representation of entropy of EMG amplitude maps during each portion of each cycle in 574 

the four conditions of a representative subject. Each pixel of the map represents the entropy of the 575 

RMS map. Each column corresponds to each of the lifting cycles while each row represents a 576 

portion of the cycle. Each cycle was divided in 20 epochs of equal length for graphical reasons. 577 

Baseline, Isotonic and Recovery conditions show similar patterns of entropy with lower values 578 

between 30% and 60% of each cycle while the Hypertonic conditions shows higher values and a 579 

different distribution of values. 580 
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 581 

Figure 8: Mean (± SE) of the entropy (%) of the RMS map estimated for each stage of the 582 

repetitive lifting task. Each cycle was divided in 10 epochs of equal length and the EMG signals 583 

were analyzed separately for each epoch of each cycle. The EMG variables were then averaged 584 

across the 50 cycles for each epoch of the cycle. Data are expressed in percentages (0-100%) with 585 

respect to the cycle duration.   586 
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