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Abstract

The aim of the present study was to investigate differences in myoelectric responses to fatigue development between cases with chronic
neck-shoulder pain (z = 10) and healthy controls (n = 10) during a low force level sustained contraction.

Subjects performed a 15-min isometric shoulder elevation at a force level of 40 N (sustained contraction), preceded and followed by a
step contraction, consisting of five force levels from 20 to 100 N.

EMG recordings were made with a two-dimensional electrode array on the upper trapezius of the dominant side. Root-mean-square
(RMSg), median power frequency (FMEDg), conduction velocity (CV), number of motor unit action potentials per second (MUAP
Rate) and MUAP shape properties were estimated. Changes over time and differences between the groups were statistically evaluated
with a linear mixed model.

During the sustained contraction, cases showed less increase in RMSg than controls (controls: 58.5%, cases: 33.0%). FMEDg and CV
decreased in controls (FMEDg: —6.3%, CV: —5.3%) and stayed constant (FMEDg) or slightly increased (CV, 3.15%) in cases. Overall,
cases showed a less pronounced myoelectric response to the fatiguing task than controls, which may be related to additional recruitment
of higher-threshold MUs. A possible explanation might be that cases were already (chronically) fatigued before the experiment started.

© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Chronic muscular pain is becoming an increasingly
important problem in western countries. The Third Euro-
pean Survey on working conditions in acceding and candi-
date EU countries in 2000 (Paoli and Parent-Thirion, 2003)
revealed that 23% of the workers in the EU countries
report muscular pain in the neck-shoulder region. Muscu-
lar pain is the third important work-related health problem
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in the EU, only preceded by backache (34%) and stress
(28%).

Chronic pain has been studied in relation to muscle
activity patterns by surface electromyography (EMG). Sev-
eral authors reported that EMG activity during work tasks
was increased in patients with neck-shoulder complaints
(Veiersted et al., 1990; Veiersted, 1994; Lundberg et al.,
1999; Madeleine et al., 2003). Other studies demonstrated
an inability to relax in trapezius myalgia patients (Elert
et al., 1992). Furthermore, a decreased percentage of mus-
cle rest, measured as short silent periods in the EMG
(‘gaps’), has been demonstrated in chronic pain patients
(Veiersted, 1994; Higg and Astrom, 1997). In another
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study, Veiersted showed that lack of gaps was a weak but
significant predictor for the development of pain (Veiersted
et al., 1993).

Other authors have investigated the development of
muscle fatigue in chronic pain patients. Fatigue is known
to be reflected in the EMG signal as an increase of its
amplitude and a decrease of its characteristic spectral fre-
quencies (De Luca, 1984; Merletti et al., 1990, 2002; Mad-
eleine et al., 2002). In a study on fatigue development in
patients with unilateral myalgia was found that the affected
side showed less myoelectric signs of fatigue than the
healthy side (Oberg et al., 1992). Other studies of fatigue
in relation to chronic pain did not reveal differences in
EMG parameters, but showed that endurance time was
shorter for chronic pain cases (Hagberg and Kvarnstrém,
1984; Hansson et al., 1992; Larsson et al., 2000).

Pain in the neck-shoulder region relatively often occurs
in relation to computer use (Bongers et al., 2002; Jensen,
2003), where the force levels generated by the muscles are
very low. Nevertheless, studies of the development of fati-
gue in pain patients usually are performed at relatively high
force levels: for example, Oberg et al. used 0 kg, 1 kg and
2 kg hand loads while subjects held the arms straight at
90° of elevation in the scapular plane (Oberg et al.,
1992). 1t is questionable whether the development of fati-
gue during such contractions represents the fatigue that
occurs during computer work sufficiently. Therefore, in this
study we focused on investigating the myoelectric manifes-
tations of fatigue at low force levels.

A hypothesis that is often used to explain chronic pain
development is the Cinderella hypothesis (Hagg, 1991).
This hypothesis states that low-threshold motor units
(MUs) are getting damaged because of too long activation
and lack of muscle rest in chronic pain patients (Hégg,
1991). However, the Cinderella hypothesis does not explain
how development of damaged MUs proceeds. A possible
mechanism could be that healthy MUs first become chron-
ically fatigued, i.e. their force production is reduced, before
getting damaged. Assuming this, one would expect that
part of the (low-threshold) MUs of cases with chronic pain
is already fatigued before the start of a contraction, or that
they would get fatigued very early during the contraction.
To compensate for the loss of force, higher-threshold
MUs would be recruited. This additional recruitment
may mask the myoelectric manifestations of fatigue (Hout-
man et al., 2003). We therefore hypothesize that cases with
chronic pain respond less pronounced than healthy con-
trols to a low-level fatiguing contraction in terms of
changes in EMG.

To investigate this hypothesis, computer workers with
and without chronic pain performed a low force level
fatiguing contraction. Multi-channel surface EMG was
recorded from the upper trapezius before, during and after
the fatiguing contraction. Besides commonly used EMG
parameters, conduction velocity (CV) and the number of
motor unit action potentials per second (MUAP Rate,
MR) were assessed.

2. Methods
2.1. Subjects

Ten healthy subjects (control group, 5 male, 5 female,
mean (SD) age 31.0 (11.7) years, weight 69.6 (9.8) kg,
height 180 (11) cm, body-mass index (BMI) 21.5 (1.6) kg/
m?) and ten cases with chronic pain (case group, 6 male,
4 female, mean (SD) age 36.7 (9.3) years, weight 70.6
(6.5) kg, height 178 (10), BMI 22.5 (2.8) kg/m?) took part
in this study. The two subject groups were not different
with respect to their demographic characteristics (Student’s
t-test for independent samples, p > 0.24). All subjects
signed an informed consent. The study was approved by
the local medical ethics committee.

A Dutch questionnaire about work and health (Hilde-
brandt et al., 2001) was used to select subjects. This ques-
tionnaire comprises questions about work history and
vocational satisfaction, and questions about health, i.e. his-
tory, duration and location of complaints and history of
therapy.

Subjects were included when they performed predomi-
nantly computer work for at least 20 hours per week. Sub-
jects were excluded if they reported non-work related
neuromuscular disorders. Subjects were included in the
control group when they did not have any self-reported
complaints in the neck, shoulders, arms or upper back dur-
ing the last year. Subjects were included in the case group
when they reported more than 30 days during the last year
with pain in the neck and/or shoulders. Subjects were
excluded if they had complaints in more than three body
regions. Cases were recruited from the Dutch society for
patients with Repetitive Strain Injury.

2.2. General procedures

Shoulder elevation force and EMG of the m. trapezius
were measured simultaneously during two step contrac-
tions and an isometric sustained contraction of 15 min at
a force level of 40 N (further referred to as sustained con-
traction). The step contractions were performed before
and after the sustained contraction to examine possible
changes in motor control. The step contractions consisted
of five force levels (20, 40, 60, 80, 100 N) with a duration
of 10 seconds each. In between the levels, one second for
transition to the next level was given. The first step contrac-
tion was followed by 15 min rest (see Fig. 1). After that, the
sustained contraction was performed, directly followed by
the second step contraction.

When the exerted force tended to decrease, subjects were
encouraged to maintain the required force level.

Subjects were seated on an adjustable chair that was
high enough to prevent them from touching the floor with
their feet. Subjects were instructed not to speak or move
the head during the recordings, to sit straight, and to keep
their hands rested in their lap. Subjects were not allowed to
cross their feet.
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Fig. 1. Experimental protocol. Subjects had to perform a step contraction (levels of 20-100 N in steps of 20 N, duration of each level 10 s), followed by
15 min rest. After that, a sustained contraction with a duration of 15 min at a level of 40 N was performed, immediately followed by a second step
contraction. VAS: Visual Analogue Scales of perceived fatigue. Arrows indicate time instances when the VAS scores were recorded.

The chair was attached to a frame that was fixed to the
wall. Two force transducers (Thermonobel, Karlskoga,
Sweden) were attached to the frame for measuring the
shoulder elevation force. The position of the force sensors
was adjusted to body size, such that the sensor center was
located slightly above the acromion (see Fig. 2). In rest, the
force sensors were just not touching the subject. The dis-
tance between the spinous process of the seventh cervical
vertebra (C7) and the acromion was measured. Force feed-
back was provided on a laptop screen in front of the sub-
ject. The force signals were sampled with 1 kHz, digitized
with a 16-bits A/D converter, and stored on a laptop.

Perceived fatigue in the neck-shoulder region was mea-
sured with Visual Analogue Scales (VAS, Gift, 1989)
before the experiment started, after the first step contrac-
tion, after the rest period and after the second step contrac-
tion (Fig. 1). The minimal VAS score (0) corresponded to
“not fatigued at all”’, the maximum VAS score (10) corre-
sponded to “as much fatigued as possible™.

2.3. EMG recordings

EMG of the dominant upper trapezius was recorded
using a two-dimensional 16-channel electrode array devel-

Fig. 2. Measurement set-up with the two force transducers located slightly
above the acromion at both sides. Force and EMG (not visible) were
measured simultaneously from the trapezius muscle. Force feedback was
provided on a laptop in front of the subject.

oped by the Helmholtz-Institute for Biomedical Engineer-
ing, Technical University Aachen, Aachen, Germany
(Schulte et al., 2006a). The array consisted of four rows of
gold-coated pin electrodes with a diameter of 1.5 mm, the
first and fourth containing three contact points and the mid-
dle two containing five contact points. The inter-electrode
distance (IED) was 10 mm in both directions (see Fig. 3).

Before placement of the electrode array, the skin was
cleaned using abrasive paste. The electrode array was
placed with the rows parallel to the line from C7 to the
acromion with the centre of the electrode array 2 cm dis-
tally from the midpoint, in accordance with the SENIAM
recommendations (Hermens et al., 2000). The signals were
visually inspected online. Propagation of signals and mini-
mal shape differences between subsequent signals were used
as criteria for correct alignment of the electrode array rows
in parallel to the muscle fibers. A ground electrode was
placed on the wrist of the dominant side.

The monopolar signals were amplified with a gain of
1000 and band-pass filtered (10-500 Hz, Butterworth filter)
with a custom made EMG amplifier (Helmholtz-Institute
for Biomedical Engineering, Technical University Aachen,
Aachen, Germany, input resistance 10'* Q, common mode
rejection ratio 78 dB, signal to noise ratio 84 dB). The sig-
nals were sampled at 4000 Hz, digitised using a 16 bit A/D-
converter (National Instruments) and stored on a laptop.

2.4. Data analysis

For analysis of global EMG parameters, six single dif-
ferential signals with an IED of 2 cm were constructed off-
line from the monopolar signals of the middle two rows of
the array by subtracting signals from electrodes with 2 cm
in between in the direction parallel to the muscle fibers, in
accordance with the SENIAM guidelines for conventional
surface EMG (Hermens et al., 2000); see Fig. 3. The signals
were inspected visually for the presence of artefacts and
noise. Epochs containing artefacts were removed and chan-
nels with noise were discarded.

Global RMS (RMSg) and median power frequency
(FMEDg) were calculated from adjacent, non-overlapping
signal epochs of one second for each of the six signals.
Since averaging across multiple electrodes increases the sta-
bility of the RMSg estimates (Staudenmann et al., 2005),
average values across the six signals were calculated for
RMSg as well as FMEDg.
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Fig. 3. Schematic representation of the electrode and the construction of several spatially filtered signals from the monopolar recordings.

Estimates of conduction velocity (CV) have been shown
to be dependent on the applied spatial filter. Longitudinal
(parallel to the muscle fibers) and 2D-filters are supposed
to reduce end-of-fiber components (that bias CV estimation)
to a larger extent than transverse filters (Schulte et al., 2003).
Furthermore, the 2D normal double differential filter
(NDD) has been shown to result in a high spatial selectivity
in both longitudinal and transverse direction (Farina et al.,
2003). Therefore, NDD-filtered signals were used for CV
estimation. The number of MUs that contribute to the
NDD signals is limited. The CV estimate that results from
the interference pattern of the contributing MUs is a
weighted average value of the single MU CVs, with weights
depending on the location and size of each MU.

Two sets of NDD signals were constructed from the
monopolarly recorded signals (see Fig. 3). From each set,
the first and last channel was used for CV calculation.
CV was estimated using a cross-correlation based algo-
rithm that calculated the time delay corresponding to the
maximum of the cross-correlation function, using its time
derivative. The two CV estimates were averaged. Further-
more, for each subject at least 50% of the CV values had
to be between 2 and 8 m/s; otherwise, the CV data of the
subject were excluded from the analysis.

For calculation of MUAP Rate, eight single differential
signals with an IED of 10 mm were constructed from the
two middle rows of monopolarly recorded signals (see
Fig. 3). This resulted in two sets of four unidirectionally
propagating single differential signals. For both of these
sets, cross-correlation between adjacent signals (in the
direction parallel to the fibers) was calculated, resulting
in three values from each set. The set with the highest aver-
age correlation coefficient was selected for further
processing.

MUAPs were detected with a method that uses the Con-
tinuous Wavelet Transform to identify shapes that were
similar to a mother wavelet (i.e. the first order Hermite-
Rodriguez function). The algorithm searched for candidate
MUAPs on all channels. A candidate had to occur in at
least three channels before being called a MUAP. The out-
comes of the detection algorithm were the times of occur-
rence of the MUAPs detected, and the MUAP shapes on
all channels. For more details, see (Gazzoni et al., 2004)
and (Farina et al., 2000).

MUAP rate (MR) was calculated for adjacent, non-
overlapping epochs of one second throughout the duration
of the tasks as the total number of detected MUAPs per
second. MR reflects the sum of the firing rates of the active
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MUs and was shown to be strongly related to both the
number of active MUs and their firing rate, especially for
moderate force levels (Kallenberg and Hermens, submitted
for publication). For higher force levels, MR is affected by
overlappings of MUAPs, that are either detected as single
MUAPs or not recognized. The applied force levels in
the present study were moderate: the highest force level
in the step contraction was 100 N, which corresponds to
about 25-30% of maximal voluntary contraction (MVC),
that was 357 N for healthy subjects in the same experimen-
tal setup (Schulte et al., 2006D).

In addition, the RMS value (RMSyyap) and median
power frequency (FMEDyyap) were calculated from the
MUAP shapes identified by the algorithm used for MR
estimation (Kallenberg and Hermens, 2006). The power
density spectrum, from which FMEDy;yap Was extracted,
was calculated using Fast Fourier Transformation and a
rectangular window. The extracted MUAP shapes were
zero-padded to obtain a frequency resolution of 1 Hz.
The MUAP shape parameters RMSyyap and
FMEDy\uap were calculated separately from each of the
four selected channels, and averaged across the channels
afterwards. For each MUAP, RMSyuap Was calculated
from a window equal to the duration of the MUAP (on
average 11.9 ms), which was determined by the detection
algorithm based on the scale coefficient corresponding to
the maximum of the scalogram.

For the step contractions, the outcome parameters
(RMSG, FMEDG, CV, MR, RMSMUAP and FMEDMUAP)
were averaged for each force level (resulting in five values
per subject for each parameter). For the sustained contrac-
tion, averages were calculated per minute (resulting in 15
values per subject for each parameter).

2.5. Statistics

The VAS scores were statistically analysed with a two-
way ANOVA with factors VAS number (1-4, referring to
before and after the first step contraction, after the rest
period and after the second step contraction) and group
(case or control group). For statistical modeling of the
EMG parameters, a mixed linear model was chosen. Mixed
linear models are designed to handle correlated data, e.g.
including multiple observations of each subject. The model
enables the inclusion of two sources of noise: one noise
term for each subject, and one noise term for each measure-
ment within a subject. Restricted maximum likelihood esti-
mation was used for extraction of the significant factors.
Quantitative changes in the EMG parameters were esti-
mated by applying the mixed model again with only the
significant factors included.

The two step contractions were compared with a linear
mixed model with fixed factors step contraction number
(1 or 2, corresponding to before and after the sustained
contraction), level (1-5) and group (case or control group).
Level was included as fixed factor because it was restricted
to five values (20-100 N). The interaction between group

and level was included in the model to examine differences
between the groups in response to an increasing force level.
The interaction between group and step contraction num-
ber was included to examine differences in the effect of
the sustained contraction between the two groups. Since
it is known that BMI can have an effect on EMG parame-
ters (Nordander et al., 2003), BMI was included as covar-
iate. Furthermore, a random intercept for each subject was
taken into account.

To compare the data of the sustained contraction
between the two groups, a mixed model with fixed factor
group and covariates minute and BMI was used. Minute
was included as a covariate since it represents a continuous
parameter (time), that was arbitrarily quantified in min-
utes. The interaction between group and minute was
included to examine differences in fatigue development
between the two groups.

For both the step contractions and the sustained con-
traction, the residuals that the model generated were
checked for normality with the one-sample Kolmogorov—
Smirnov test. The only parameter for which the residual
was not normally distributed was FMEDg during the step
contractions. Inspection of the data revealed one outlier.
After removal of this data point, the residual was normally
distributed.

The statistical tests were performed on six parameters,
deduced from one EMG. The significance level should be
corrected for this. For data with multivariate correlations,
the modified Bonferroni correction can be applied (Simes,
1986). The p-values corresponding to the six parameters
should be ordered such that p(1) < p(2) < --- < p(6). The
modified Bonferroni correction states that the significance
level of the kth parameter is equal to k * 0.05/6. In the
Results section is indicated whether differences were signif-
icant or not according to this criterion.

3. Results

The average distance between C7 and the acromion was
22.6, SD 1.62 cm.

The VAS scores of perceived fatigue are reported in
Table 1. The VAS scores in the control group before the
sustained contraction were low. The VAS scores after the
sustained contraction are moderate in the control group
and high in the case group. VAS scores were on average
about two points higher in the case group than in the con-

Table 1
Visual analogue scales (mean and SD) of perceived fatigue

Controls Cases
VASI 0.24 (0.28) 1.24 (1.77)
VAS2 0.95 (0.94) 3.39 (2.20)
VAS3 0.34 (0.40) 2.13 (2.13)
VAS4 4.32 (2.09) 6.17 (2.20)

VASI and VAS2 were measured before and after the first step contraction,
VAS3 was measured before the sustained contraction and VAS4 was
measured after the second step contraction.
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trol group, before the first contraction. An ANOVA with
factors group (control or case) and VAS number (1-4)
revealed a significant dependency on both factors
(p <0.01).

In Fig. 4, the mean force curves for both groups are
shown. Linear regression analysis resulted in a slope of
0.020 N per minute in the control group (not significantly
different from zero, p > 0.18) and —0.14 N per minute (sig-
nificantly different from zero, p < 0.001) in the case group.
Inspection of individual force curves revealed that the
slight decrease in the case group is due to one subject that
was not able to maintain the force level.

In Fig. 5, RMSg during both step contractions and the
sustained contraction is shown. During the step contrac-
tions, RMSg increased significantly with level (p < 0.001,
F(4,154) = 24.18). RMSg was significantly higher for the
second than for the first step contraction (p <0.001,
F(1,154) = 101.8). No interaction between step contraction
number and group was found.

During the sustained contraction, RMSg increased sig-
nificantly with time (p <0.001, F(1,257) = 207.4) and there
was a significant interaction between group and time
(p <0.001, F(1,257)=15.5) with a stronger increase in
the control group (control group: 3.9% per minute, case
group: 2.2% per minute). RMSyyap showed a similar
behaviour. The correlation between RMSy;yap and RMSg
was very high (step contractions: R* = 0.91, sustained con-
traction R* = 0.90).

Force (N)
45

40 w1

35

30, 200 400 600 800 1000

Time (s)

In Fig. 6, FMEDg during both step contractions and
the sustained contraction is shown. For the step contrac-
tions, there was a significant interaction between group
and step contraction number (p <0.001, F(1,155) =11.86)
with the case group showing an increase (4.7%) and the
control group a decrease (—1.7%) from the first to the sec-
ond step contraction. There was a trend for an increase of
FMEDg with level (p <0.08, corrected significance level
0.04, F(4,154) = 2.13). There was a significant dependence
of FMEDg on BMI (2.0% per kg/m?). For the sustained
contraction, there was a significant dependence of FMEDg
on time (p <0.001, F(1,257)=11.19) and a significant
interaction between group and time (p < 0.001, F(1,257)
=21.31). FMEDg decreased with time in the control
group and stayed constant in the case group (control
group: —0.42% per minute, case group: 0.069% per minute,
not significantly different from zero). For FMEDyyap,
results were similar. The correlation between FMEDg
and FMEDpyyuap was moderate (step contractions:
R? = 0.66, sustained contraction: R*> = 0.72).

In Fig. 7, CV during both step contractions and the sus-
tained contraction is shown. For the step contractions, two
subjects showed extreme values (higher or lower than the
mean value £ three times the interquartile range). For the
sustained contraction, three subjects showed extreme values
and for two subjects more than 50% of the CV values were
lower than 2 m/s. Data of these subjects were excluded from
the analysis. CV was significantly higher during the second

Force (N)
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40

35

30, 200 400 600 800 1000

Time (s)

Fig. 4. Average force curves during the sustained contraction (force values were averaged across ten second periods and across subjects). Right side:
control group, left side: case group. Black lines: group mean, grey lines: standard deviation.
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Fig. 5. RMSg during both step contractions (left and right) and sustained contraction (middle). Black diamonds: controls (N = 10), grey squares: cases
(N =10). Note that the x-axis is different for the step contractions and the sustained contraction. Bars indicate standard deviations.
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Fig. 6. FMEDg during both step contractions (left and right) and sustained contraction (middle). Black diamonds: controls (N = 10), grey squares: cases
(N =10). Note that the x-axis is different for the step contractions and the sustained contraction. Bars indicate standard deviations.

cv 7. v 7.
(m/s) (m/s)

5 1 51

3 31

CV 7.

/!
(mS)aA
SAI/I/LL—I

3

> 2

T T T T 1

20 40 60 80 100 0 5

Force (N)

Time (min)

. " 2 T T . T "
10 15 20 40 60 80 100

Force (N)

Fig. 7. CV during both step contractions (left and right) and sustained contraction (middle). Black diamonds: controls (N = 8), grey squares: cases
(N =8). Note that the x-axis is different for the step contractions and the sustained contraction. Bars indicate standard deviations.

step contraction than during the first step contraction
(p <0.001, F(1,120) = 31.96). No interaction between step
contraction number and group was found. There was a
dependence on BMI (p <0.001, F(1,27) =18.7). A trend
for a dependence of CV on level was found (p <0.10, cor-
rected level 0.05, F(4,115) = 1.99). During the sustained
contraction, there was a significant interaction between
group and time (p <0.001, F(1,216) = 47.5). CV decreased
in controls and increased slightly in cases (control group:
—0.35% per minute, case group: 0.21% per minute).

In Fig. 8, MR during both step contractions and the sus-
tained contraction is shown. For the step contractions, MR
increased significantly with level (p <0.001, F(4,153) =
86.5). There was a significant relation between MR and step
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(PPS) g | (PPs) ¢4 |
50 50

20 1 20 |
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contraction number (p < 0.026, corrected significance level
0.033, F(1,155) = 5.04) and a trend for dependence on the
interaction of group and step contraction number (p <
0.039, corrected significance level 0.025, F(1,155)=4.33).
MR increased in the control group (12.6%) while in the case
group it stayed constant (0.27%, not significantly different
from zero) from the first to the second step contraction.
Fig. 8 shows that this is largely caused by differences at
the lower force levels. A significant negative association of
MR with BMI was found (p < 0.014, corrected significance
level 0.025, F(1,23) =7.15).

For the sustained contraction, a significant negative
association with BMI was found (2.9% per kg/m? p <
0.002, corrected significance level 0.008, F(1,15)=13.3).
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Fig. 8. MR during both step contractions (left and right) and sustained contraction (middle). Black diamonds: controls (N = 10), grey squares: cases
(N =10). Note that the x-axis is different for the step contractions and the sustained contraction. Bars indicate standard deviations.
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Furthermore, there was a trend for interaction between time
and group (p < 0.06, F(1,244) = 3.54, corrected significance
level 0.05), with increasing MR in the control group and
decreasing MR in the case group (control group: 0.40%
per minute, case group: —0.25% per minute).

4. Discussion

The objective of this study was to investigate differences
in myoelectric manifestations of fatigue development at
low force levels between healthy subjects (controls) and
subjects with chronic neck-shoulder pain (cases). It was
hypothesized that part of the MUs would already be chron-
ically fatigued before the start of the experiment in the case
group. The early decrease in force production of these
MUs would be compensated for by recruitment of
higher-threshold MUs, which in turn would result in a less
pronounced response in terms of myoelectric changes to a
low-level fatiguing contraction in the case group. To gener-
ate fatigue, subjects were asked to perform a 15 min sus-
tained contraction at a force level of 40 N.

Myoelectric signs of fatigue consist of an increase of
RMSg and a decrease of global CV (conventionally mea-
sured with two surface electrodes) and FMEDg (Merletti
et al., 1990, 2002; Madeleine et al., 2002). For a single
MU, a decrease in muscle fiber CV induces an increase in
MUAP duration (Lindstrom and Magnusson, 1977) and
a decrease in FMEDyuap (Seki and Narusawa, 1998).
Fatigue also leads to additional MU recruitment (Olsen
et al., 2001; Jensen et al., 2000; Enoka et al., 1989; Maton
and Gamet, 1989; Moritani et al., 1986), which would
induce an increase in MR with fatigue. Furthermore,
according to the size principle (Henneman et al., 1965),
additionally recruited M Us are higher-threshold MUs with
in general a higher muscle fiber CV (Andreassen and
Arendt-Nielsen, 1987) and a larger size. This would result
in an increase in RMSyyap (Roeleveld et al., 1997).

Several results indicate that the sustained contraction
was indeed fatiguing. Firstly, the VAS scores after the sus-
tained contraction were much higher than the VAS scores
before. Secondly, in the control group myoelectric manifes-
tations of fatigue were found: during the sustained contrac-
tion, RMSg, RMSyyap and MR increased significantly,
while CV and FMEDg decreased. It was hypothesized that
cases would show less myoelectric signs of fatigue than
controls. Indeed, the results indicate that cases do not
respond as much as controls to a fatiguing task. During
the sustained contraction, myoelectric manifestations of
fatigue were smaller in the case group. Cases showed a less
steep increase in RMSg and RMSyyap. Additionally, con-
trols showed a decrease in FMEDg, FMEDyyap and CV
whereas in the case group these variables stayed constant
or increased slightly with time. In addition, there was a
trend for a difference in MR slope: in the control group
MR increased with time and in the case group MR
decreased with time. Further evidence to support the
hypothesis that cases show less signs of fatigue is demon-

strated when comparing the two step contractions. Similar
to the results of the sustained contraction, controls showed
a decrease in FMEDg and FMEDy;yap from the first to
the second step contraction, whereas these variables
increased in cases.

These results are in line with the hypothesis that part of
the MUs is chronically fatigued in the case group. The
higher VAS scores in the case group, already before the
contractions started are in agreement with the hypothesis
as well. Furthermore, the VAS scores did not return to
baseline during a 15 min rest period in the case group, in
contrast to the control group.

A confounding factor might be the slight decrease in
force level in the case group, although visual inspection
of individual data revealed that this is due to only one sub-
ject. Another confounding factor might be the development
of pain during the contraction. This might cause a decrease
of the activation level of the trapezius that is compensated
for by synergistic muscles. However, no evidence for such a
mechanism was found; global RMS did not decrease in the
case group.

The finding that cases show less signs of fatigue is in line
with a study that compared secretaries with work-related
bilateral chronic muscle pain with healthy controls (Schulte
et al., 2006a). In this study, changes in CV during an iso-
metric endurance task were more pronounced in the con-
trol group than in the case group. The present results are
also in line with previous findings reported by Oberg and
colleagues (Oberg et al., 1992). They demonstrated a smal-
ler increase in RMS and a smaller decrease in mean power
frequency on the affected side than on the healthy side in
cases with unilateral myalgia. A lower response to a fatigu-
ing task in cases has been demonstrated as well for cases
with low back pain (Oddsson and De Luca, 2003; Lariviere
et al., 2003).

Underlying the hypothesis that cases would show less
signs of fatigue than controls, it was assumed that the pain-
ful muscles of cases are chronically fatigued. This would
imply that peripheral muscle fiber properties (e.g. muscle
fiber CV, cell membrane properties etc.) are changed in
cases. This should then be reflected in the EMG parameters
already at the beginning of the tasks. For the case group,
MR seems to be somewhat higher for the low force levels
of the first step contraction (20 and 40 N). Although not
significant, this increase might give some indication that
the force output of the low-threshold MUs is decreased
in cases. To investigate this further, a study with a larger
sample size should be performed.

During the sustained contraction, there was a significant
but slight increase of CV in the case group. Since CV of
higher threshold MUs is generally higher (Masuda and
De Luca, 1991; Andreassen and Arendt-Nielsen, 1987;
Hogrel, 2003), this may indicate additional recruitment of
higher-threshold MUs. Such additional recruitment would
lead to an increase in MR. However, the results also show
that MR does not increase in the case group, which seems
to be in contrast. A possible explanation is that part of the
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low-threshold MUs are de-recruited due to fatigue. To
compensate for this, less high-threshold MUs are needed
because of their larger force output (Feiereisen et al.,
1997), which results in a lower MR.

In the control group, FMEDg decreased from the first
to the second step contraction, whereas CV did not.
Although the frequency content of the signal is largely
determined by CV (Lindstrom and Magnusson, 1977;
Dumitru et al., 1999) Merletti et al. (1990) showed that
changes in spectral variables due to fatigue are larger than
those in CV. Furthermore, they concluded that CV is not
the only physiological factor affecting spectral variables.
Another study showed that FMEDg is affected by shape
and duration of the MUAPs (Hermens et al., 1992).

In the present study, the placement of the force sensors
was adjusted to body size, such that the sensors were
located slightly above the acromion. Thus, the subjects
applied the force in the same way; i.e. the contact with
the sensor occurred at a bony point. Since the required
force was constant, differences in the distance between C7
and acromion might lead to differences in applied torque.
However, since the differences in distance between C7
and acromion were rather small (SD was 7% of their mean
value) the effect on the results can be expected to be limited.

Many authors have used relative force levels, related to
MYVC for investigating the relation between EMG parame-
ters and force (e.g. Conwit et al., 1999; Bilodeau et al.,
2003; Queisser et al., 1994). One of the reasons for using
relative force levels is that inter-subject variability is
assumed to be decreased. We used absolute force levels
(in N) rather than relative force levels for several reasons.
First, since MVC is probably different between the two
groups, relative force levels might mask the differences
between the groups. Second, the assessment of MVC is dif-
ficult, especially in people with pain or fear of pain, since
the measured MVC might not be the maximal force, but
the force that is acceptable in terms of pain. Third, the
force levels that are needed in daily life activities are also
absolute levels independent of a subject’s muscle capacity.
Schulte et al. (2006b) reported lower MVC values for cases
than for controls. The force level during the sustained con-
traction would thus be relatively higher for cases than for
controls. Thus, it would be expected that cases encounter
more fatigue than controls. However, the results of our
study indicate that cases show Jess myoelectric signs of fati-
gue. When relative force levels would have been used, this
effect might have been even stronger.

5. Conclusion

The aim of the present work was to investigate differ-
ences in myoelectric manifestations of fatigue development
between cases and controls during a low force level sus-
tained contraction. Cases showed a less pronounced myo-
electric response to the fatiguing task than controls,
suggesting that additional higher-threshold MUs are
recruited. The results are in line with the hypothesis that

part of the MUs in cases was already (chronically) fatigued
at the start of the experiment.
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