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Abstract The objectives of this work were to determine
optimal surface electromyogram (EMG) electrode loca-
tions, and inter-electrode distance (IED), when assessing
activity and fatigue in the human upper trapezius mus-
cle. Surface EMG signals were recorded from the upper
trapezius muscle of 11 healthy male subjects using a
linear array of 16 surface electrodes. Five arm positions
were investigated (arms at the side of the body, 45� and
90� flexion, 45� and 90� abduction). Fatiguing (1 kg
hand load held for 3 min) and non-fatiguing (no load,
0.5 kg and 1 kg hand load held for 3 s) contractions
were made. The variabilities of the average rectified
value, root mean square, mean and median power
spectral frequency and slope over time of these param-
eters as functions of electrode location and IED (from
5 mm over a range of 35 mm in steps of 5 mm) were
quantitatively evaluated. A criterion for selecting the
optimal electrode position was applied. This criterion
indicated an optimal location measured from the ac-
romion (38% of the distance from the lateral edge of
acromion to the spine of the seventh cervical vertebra)
which was statistically the same for all the EMG de-
scriptors, arm positions and IED investigated. Finally, it
was found that both EMG variables and indexes of
muscle fatigue depended on IED which should thus be
properly standardised. On the basis of the sensitivity of
the EMG descriptors to electrode location and cross-
talk reduction, an IED of 20 mm is suggested when a
global analysis of activity in the upper trapezius muscle
is made using a single pair of electrodes. This study

emphasises that a surface EMG analysis of the upper
trapezius muscle, following a proper placement of the
electrodes and selection of IED, can give reliable indi-
cations of muscle activity and fatigue. Data on the
myoelectric manifestations of muscle fatigue of the
upper trapezius muscle are provided for the optimal
electrode location.

Keywords Surface electromyography Æ Linear electrode
arrays Æ Innervation zone Æ Upper trapezius muscle
assessment

Introduction

Considerable effort has been devoted in the past to un-
derstanding the sensitivity of variables of the surface
electromyogram (EMG) to the parameters of the de-
tection system (Hermens et al. 2000). It is well known
that features of the surface EMG signal strongly depend
on electrode location (Gydikov and Kosarov 1972;
Zuniga et al. 1970), inter-electrode distance (IED) and
detection spatial filter (Korosec 1999; Merletti and Roy
1996; Merletti et al. 1999b, c; Roy et al. 1986). Predic-
tions from models have been of help in understanding
the variations of surface EMG amplitude and spectral
content along the muscle fibres. The presence of two
waves of excitation that propagate from the end-plates
to the tendons implies that not all the locations for the
detection of the signal are equivalent (Dimitrov and
Dimitrova 1974). Modelling studies indicate that end-of-
fibre and end-plate effects determine large biases in the
estimation of amplitudes (Dimitrova 1974; Gydikov
et al. 1986) and spectral variables (Dimitrov and
Dimitrova 1998a, b). The innervation zone (IZ) corre-
sponds to a minimum in amplitude and maximal in
mean and median power spectral frequencies (MNF,
MDF, respectively) of the surface EMG signals detected
in a single differential configuration. Thus, electrode
locations in general should be chosen on the basis of
information about the position of the IZ. The IZ can be
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detected by using multi-channel surface EMG systems,
such as linear electrode arrays (Masuda et al. 1985;
Merletti et al. 1999a). However, in clinical examinations
or in long-term measurements in field studies, the use of
complex detection systems may not be feasible and a
general indication is needed of the regions of the muscle
from which reliable assessments of muscle activity using
surface electrodes is possible. The methodological as-
pects of electrode placement are even more important in
contractions at different muscle lengths since there will
be changes in the muscle-electrode relative position
(Farina et al., in press; Rainoldi et al. 2000).

Musculo-skeletal disorders of the neck and shoulders
are frequently reported among workers in different oc-
cupations. The involvement of a great number of muscles
of the neck-shoulder region during static and dynamic
tasks highlights the complexity of the shoulder girdle. In
occupational studies, the trapezius muscle is usually in-
vestigated by analysis of the surface EMG signal
(Capodaglio et al. 1996; Chan et al. 2000; Hansson et al.
2000; Jensen et al. 1993b; Madeleine et al. 1999) since this
muscle is superficial and its activity is influenced by pain
in the neck-shoulder region (Madeleine et al. 1999;
Westgaard 1999). Both amplitude and frequency surface
EMG analysis (Hagberg and Hagberg 1989; Nieminen
and Hameenoja 1995; Madeleine et al. 1999; Oberg et al.
1990) and assessment of muscle fatigue (Hagberg and
Kvarnstrom 1984; Hagg 1992; Oberg et al. 1994; Persson
et al. 2000) based on single differential detection systems
have been often used. Some studies have also addressed
the methodological problems of electrode location and
geometrical artefacts in the upper trapezius muscle
(Jensen et al. 1993a; Jensen and Westgaard 1997; Kleine
et al. 2000; Oberg et al. 1992), providing important in-
dications about the potential and limitations of surface
EMG techniques in estimating load and fatigue of the
shoulder (for a review, see Mathiassen et al. 1995).

Recommendations concerning methodological issues
related to the design of detection systems and electrode
placement, however, still lack a general consensus. In
past studies, only limited quantitative analyses of the
variability of the EMG descriptors with electrode loca-
tion have been provided. Moreover, the suggested elec-
trode locations indicated in the literature have been for
specific EMG variables (e.g. amplitude in Jensen et al.
1993a), while it is not known whether each EMG de-
scriptor requires for its optimal estimation a particular
electrode placement or if the same location can be used
for the assessment of amplitude, frequency content and
fatigue. Finally, there is no report in the literature which
gives an indication of how IED affects the selection of
the optimal electrode location and of the sensitivity of
EMG features to muscle-electrode movements. The
main purpose of this work was to fill this gap in the
methodological aspects of the assessment of the surface
EMG of the human upper trapezius muscle. The study
also provided indications about activity in the upper
trapezius muscle and fatigue in different postures in a
group of healthy subjects.

Methods

Subjects

A group of 11 male subjects [mean (SD) age 25.2 (2.7) years, body
mass 71.5 (6.2) kg, height 180.4 (7.9) cm, distance from the ac-
romion to C7 21.5(1.0) cm] participated in the experiment after
giving informed consent. All the subjects were healthy and had no
history of injuries or neck-shoulder pain. The study was conducted
in conformity with the Declaration of Helsinki.

Experimental protocol

After placement of the electrodes for signal detection (see below),
the subject stood in an erect posture (shoulder girdles abducted)
with the two arms in one of the five positions investigated
(0� abduction and 0� flexion, i.e. arms at the side of the body, 45�
and 90� flexion, 45� and 90� abduction). The elbows were held
straight with the hands pronated at 90� from the anatomical
position. The five positions were investigated in a random se-
quence. For each position, three reference contractions, lasting
3 s, were made at no load, and supporting loads of 0.5 kg and
1 kg in both hands (experiment 1). A rest of 2 min was given
between each reference contraction. After the reference contrac-
tions, the subject was asked to maintain the selected arm position
supporting a 1 kg load in each hand for 3 min (fatigue task; ex-
periment 2). After each fatigue task, the subjects rested for 15 min
on a chair. The same procedure was repeated once in each
experiment session, without removal of the electrodes, for each of
the five arm positions.

Signal recording

The EMG signals were detected from the surface of the skin above
left upper trapezius muscle using a linear array (Masuda et al. 1985;
Merletti et al. 1999a) of 16 silver electrodes (bar 5 mm long, 1 mm
diameter, 5 mm IED between centres). The array was placed on the
straight line between the spine of the seventh cervical vertebra (C7)
and the lateral edge of acromion (Jensen et al. 1993a). The elec-
trode locations over the muscle will be indicated in the following as
the distance from acromion, normalized with respect to the ac-
romion-C7 distance (and reported in percentages). The location of
each single differential recording system is defined as the mid-point
between the two electrodes constituting the system. Signal quality
was checked in a few trials before placing the array in order to
select the best orientation of the array corresponding to a clear
propagation of the motor unit action potentials (MUAP) from the
IZ to the tendon region. The array was located so as to cover the
main IZ and to follow the propagation of the action potentials
from the IZ to the distal tendon region. The array was fixed with
adhesive tape and was flexed so as to follow the natural shape of
the back. The amount of muscle covered by the surface electrodes
was 75 mm (16 electrodes and 5 mm IED). The skin was cleaned
and slightly abraded before electrode placement.

The signals were detected in single differential mode to minimise
line interference, amplified and filtered (10–500 Hz, 3 dB band-
width), sampled at 2,048 Hz, converted to a numerical format us-
ing a 12 bit A/D converter and stored on a disk (amplifier LISiN-
SEMA Electronics, Turin, Italy). The single differential detection
was performed between adjacent electrodes resulting in an IED of
5 mm. By summation of consecutive single differential signals de-
tected with 5 mm IED, the single differential signals resulting from
IED multiple of 5 mm (i.e. 5 mm, 10 mm, 15 mm, 20 mm, 25 mm,
30 mm, 35 mm and 40 mm IED) were obtained. Examples of
surface EMG signals detected during one experiment session in the
five arm positions with 5 mm IED are shown in Fig. 1. The pres-
ence of propagating MUAP is evident in the five cases. The IZ can
be located by visual inspection of the array signals as the point of
inversion of the propagation of the MUAP.
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EMG signal analysis

Average rectified values (ARV), root mean square values (RMS),
MNF and MDF were calculated from all the signals detected in
epochs of 1 s, without overlapping, using algorithms that have been
described in many previous publications (for a recent review, see
Farina and Merletti 2000). The computations were performed for
eight IED (5–40 mm in steps of 5 mm) and for all electrode loca-
tions (15 locations for 5 mm IED, 14 locations for 10 mm IED,
etc. up to 8 locations for 40 mm IED). The three estimates of each
EMG variable obtained from the 3 s signals in experiment 1 were
averaged after discarding any epochs showing artefacts. Linear
regression analysis over time was applied to the data from experi-
ment 2 (fatiguing contractions) and the slopes of the EMG vari-
ables, estimated over the 3 min interval, were used as indexes of
fatigue (Merletti et al. 1990; Merletti and LoConte 1995).

The effect of electrode location on EMG variables and indexes
of muscle fatigue was assessed by:

1. The difference between the maximal and the minimal values of
the estimations along the array (i.e. the maximal percentage
variation, Dtot, expected from different electrode locations)

2. The minimal difference between estimates from adjacent elec-
trode locations (i.e. the minimal percentage variation, Dmin,
expected from electrode movements of ±5 mm).

Specifically, the following definitions have been introduced:

Dtot ¼
maxi ci �mini ci

�cc
� 100

Dmin ¼ min
i

ci � ci�1j þ ci � ciþ1
������

2ci

� �
� 100

where ci represents the value of a generic EMG variable or index of
muscle fatigue estimated at location i and �cc is the mean value of the
estimates along the array.

The best electrode location was defined as that corresponding to
Dmin. This criterion for selecting the optimal electrode location
resulted in the minimal sensitivity to small differences in electrode

location (smaller than ±5 mm). A similar approach, but applied to
estimations of mean muscle fibre conduction velocity and MNF,
for the objective selection of electrode location has previously been
used for the biceps brachii muscle (Merletti et al. 2002) and has
provided highly reliable estimations of EMG variables. The loca-
tion of the IZ and its shift with respect to the recording electrodes
has been estimated from the signals in experiment 1 by monitoring
the dip in EMG ARV with 5 mm IED (Masuda et al. 1985).

Statistical analysis

Regression lines of ARV, RMS, MNF and MDF as functions of
time were computed using the least squares method. The data were
analysed using one-, two- or three-way repeated measurements
analysis of variance (ANOVA), followed by post-hoc Student-
Newman-Keuls (SNK) pair-wise comparisons when required. Sta-
tistical significance was set to P<0.05. Data are presented as means
and standard errors (SE).

Results

Experiment 1 – non-fatiguing contractions

Location of the IZ and its shift with arm position

A characteristic amplitude pattern along the array, with
a plateau region, a dip corresponding to the main IZ of
the superficial motor units (MU) and a decrease ap-
proaching the distal tendon region, was observed in all
cases. The dip in EMG amplitude corresponded to a
peak in frequency variables and the decrease of ampli-
tude at the tendon was associated with an increase of the
characteristic frequencies (Fig. 2). The dip in amplitude

Fig. 1 Surface electromyogram
signals detected from one of the
subjects in the five arm posi-
tions investigated supporting a
hand load of 1 kg, using a
linear array of 16 electrodes in
single differential mode with
interelectrode distance of 5 mm
(non fatiguing contractions).
The concomitant presence of
travelling and non-travelling
components can be observed. In
all the positions the innervation
zone (IZ) can be clearly detect-
ed. For each condition, the
signal recorded more distally
and that more proximally is
indicated
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and the peak in frequency variables always corresponded
to the point of inversion of MUAP propagation (see also
Fig. 1). The RMS and MDF showed patterns along the
array similar to those of ARV andMNF, respectively. By
visual inspection of the raw data, or by the analysis of the
patterns of amplitude and frequency variables, a single
main IZ was identified in all cases.

The location of IZ, as a percentage of the distance
between the acromion and C7 (measured from the ac-
romion) was significantly different among the five arm
positions (one-way ANOVA, F=6.06, P<0.001) and
was on average 53.21 (0.94)%, 52.50 (1.03)%,
54.11 (1.13)%, 51.84 (1.35)%, 52.07 (1.28)% in the five
arm positions (0� abduction and 0� flexion, 45� and 90�
flexion, 45� and 90� abduction). The post-hoc SNK test
disclosed pair-wise differences between the location of
IZ at 45� abduction and at all the other arm positions
except for 0� abduction and 0� flexion.

Variability of amplitude and spectral features

The Dtot (Eq. 1) for the four EMG variables computed
from the reference contractions for different IED are
shown in Fig. 3. The Dtot decreased for increasing IED
from about 60% to about 40% in case of frequency
variables and from about 115% to about 75% in case of
amplitude variables. A three-way (IED, EMG variable
and arm position) ANOVA of Dtot revealed a statisti-
cally significant dependence of Dtot on IED (F=30.59,
P�0.001) and EMG variable (F=76.19, P�0.001) but
not on arm position. The post-hoc SNK test disclosed
pair-wise differences between 5 mm and 10 mm IED and
all the other IED, between 15 mm IED and all the
others except 20 mm and 25 mm, and between the pairs
20–40 mm, 25–40 mm, and 30–40 mm. In addition, the
post-hoc SNK tests disclosed no statistically significant
difference between ARV Dtot (mean 86.43%) and RMS
Dtot (mean 85.33%) and between MNF Dtot (mean

45.81%) and MDF Dtot (mean 48.20%). The ARV and
RMS Dtot were significantly higher than MNF and MDF
Dtot (P<0.001).

The Dmin (Eq. 1) for the four EMG variables as a
function of IED for the reference contractions is shown
in Fig. 4. A three-way (IED, EMG variable, arm posi-
tion) ANOVA of Dmin revealed a statistically significant
dependence of Dmin on IED (F=4.76, P<0.001) and
EMG variable (F=31.66, P�0.001) but not on arm
position. The post-hoc SNK test disclosed pair-wise
differences between 5 mm IED and all the other IED.
The post-hoc SNK test disclosed no statistically signifi-
cant difference between ARV (mean 4.41%) and RMS
(mean 4.09%) Dmin and between MNF Dmin (mean
2.07%) and MDF Dmin (mean 2.62%). The ARV and
RMS Dmin were significantly higher than MNF and
MDF Dmin (P<0.001). A rather wide range of minima
of Dmin is observed in the IED range 15–25 mm.

Dependence of EMG variables on IED

The dependence of the EMG variables on IED in the five
arm positions in the case of the optimal (Dmin) location
(for all IED the optimal location identified for
IED=5 mm has been used) is shown in Fig. 5. The
amplitude monotonically increases and the characteristic
frequencies decrease along the IED range investigated.
The relative increase of the amplitude with IED is much
higher than the relative decrease of the characteristic
frequencies. A three-way ANOVA of ARV (arm posi-
tion, IED and load in the reference contraction) was
significant (F=24.84, P�0.001; F=42.61, P�0.001;
F=8.47, P<0.01, respectively). The post-hoc SNK test
disclosed pair-wise differences between the arm position
0� abduction and 0� flexion and the position with arms
abducted at 90� and abducted at 45� (P<0.01) and be-
tween arms at 90� and 45� abduction. Moreover, there
was a statistically significant difference of ARV

Fig. 2 Example of variability
of average rectified value (ARV)
and mean power frequency
(MNF) as a function of elec-
trode location and interelec-
trode distance (IED) in one
subject. The arms are 90�
abducted and supporting a 1 kg
hand load (non-fatiguing
contractions). The distance
from the acromion is given as a
percentage of the acromion-C7
distance
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computed from the different IED except for 15 mm and
20 mm, 25 mm and 30 mm, and 35 mm and 40 mm.
Statistically significant differences in ARV were found
between the 1 kg hand load [634.8 (41.7) lV] and the
other loads (P<0.01) but not between no load and the
0.5 kg hand load [441.9 (38.5) lV for no load and
475.1 (28.9) lV for 0.5 kg]. The same results were ob-
tained from RMS analysis.

A three-way ANOVA of MNF (arm position, IED
and load in the reference contraction) indicated a sig-
nificant dependence on IED (F=24.82, P�0.001) but
not on arm position or load. Pair-wise differences were
found between MNF computed with 5 mm, 10 mm and
15 mm IED and all the other IED except between 10 mm
and 15 mm. Similar results were obtained for MDF.

Experiment 2 – fatiguing contractions

Variability of fatigue indexes as a function
of electrode location

The Dmin of slope for the four EMG variables for dif-
ferent IED are shown in Fig. 6. A three-way ANOVA
(IED, EMG variable and arm position) of Dmin slope
revealed a statistically significant dependence on IED
(F=15.03, P�0.001) but not on EMG variable or arm
position. The post-hoc SNK test disclosed pair-wise
differences for the IED of 5 mm and all the other IED
values (P<0.001) and for 10 mm IED and IED equal to,
or larger than, 25 mm.

Dependency of fatigue indexes on IED

The slopes of the four variables in the five arm positions
as a function of IED for the location corresponding to

Dmin (for all IED the optimal location identified for
IED=5 mm has been used) are shown in Fig. 7. A two-
way (arm position and IED) ANOVA of ARV slope
revealed a statistically significant dependence on arm
position (F=11.95, P�0.001) and IED (F=27.77,
P�0.001). The post-hoc SNK tests disclosed pair-wise
differences between all the arm positions (P<0.01) ex-
cept between abduction 45� and flexion 45�. Moreover,
the post-hoc SNK tests disclosed pair-wise differences
between all pairs of IED which differed by 10 mm or
more. The same results were obtained for RMS.

A two-way (arm position and IED) ANOVA of
MNF slope revealed a statistically significant depen-
dence on arm position (F=4.37, P<0.01) but not on
IED. The post-hoc SNK tests disclosed pair-wise dif-
ferences between the arm position 45� flexion and all the
other arm positions. The same results were obtained for
MDF.

Optimal electrode location

The optimal electrode location was defined as that cor-
responding to Dmin and was expressed as the distance
from the acromion as a percentage of the acromion-C7
distance. This criterion led to an electrode location for
each condition analysed (arm position, IED, EMG de-
scriptor). The hypothesis that optimal electrode location
was not dependent on the different conditions and that a
unique location could be used for a large set of experi-
mental conditions was tested. The EMG descriptors
included in the statistical analysis were ARV, RMS,
MNF and MDF initial values (from experiment 1) and
slopes (from experiment 2). A three-way (arm position,
IED and EMG descriptor) ANOVA of electrode loca-
tion was not significant. The average optimal electrode
location (average for all the conditions and EMG

Fig. 4 Mean (SE, n=165) of minimal variation (Dmin, expressed as
percentages) for the four electromyogram variables as a function of
IED for all the reference (non-fatiguing) contractions recorded
(11 subjects, 3 reference contractions, 5 arm positions, for a total
of 165 contractions). Definitions as for Fig. 3

Fig. 3 Mean (SE, n=165) of the maximal variation (Dtot, expressed
as percentages) for the four electromyogram variables as a function
of interelectrode distance (IED) for all the reference (non-fatiguing)
contractions recorded (11 subjects, 3 reference contractions, 5 arm
positions, for a total of 165 contractions). MDF, MNF Mean and
median power frequency, respectively, ARV average rectified value,
RMS root mean square
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descriptors, n=3,520, resulting from eight IED, five arm
positions, eight EMG descriptors, including the four
EMG variable absolute values and slopes, 11 subjects)
was 38.33 (0.11)%, corresponding to an average lateral
distance of approximately 25 mm from the mid-point
between the acromion and C7.

Discussion

Location of the IZ and its shift with changes
in arm position

It was found that the upper trapezius muscle presents
only one main IZ for the superficial MU in all the sub-
jects investigated and in all arm positions. The location
of IZ was on average about 52% of the distance between
the acromion and C7, measured from the acromion. The
small SE of the location of IZ indicated that the deter-
mination of IZ is very reproducible among different
subjects. These results are in agreement with those re-
ported by Jensen et al. (1993a) who showed the presence
of a dip in the signal amplitude of the surface EMG on
average at 52% of the distance from the acromion to C7.
Similar indications have previously been provided by
Veiersted (1991) who reported a dip in the amplitude of
the EMG at 56% of the distance from the acromion to
C7. The mid-point between the acromion and C7 has
been, in contrast, suggested by Zipp (1982) as a good
electrode location. The present study confirmed (Jensen
et al. 1993a) that the mid-point between C7 and the ac-
romion is a location to be avoided for electrode place-
ment. We have investigated arm positions in the frontal
and sagittal plane and observed a maximal average

difference among IZ locations in the five positions of
approximately 2% of the distance between the acromion
and C7. The shift of the IZ with respect to the recording
electrodes in different arm positions was expected, since
in the different positions the trapezius muscle fibres have
different lengths, and the skin moves over the muscle.
The difference in IZ location was, however, small and
statistically significant for only one arm position with
respect to the others. This is in agreement with the results
reported by Jensen et al. (1993a) who observed an ap-
proximately constant ratio between EMG amplitude at
0� and 90� arm abduction for almost the entire plateau
amplitude region detected in their study.

Electrode placement

The need for standardised electrode locations in the
upper trapezius muscle has been underlined in many
recent reports (see for example Hermens et al. 2000;
Jensen et al. 1993a). The results of this study on the
maximal difference between amplitude and spectral
variable estimates observed in the investigated electrode
locations (Fig. 3) substantiate the importance of stan-
dardisation of electrode placement procedures. If placed
in different locations in the 75 mm muscle portion in-
vestigated, with small IED, amplitude values and fre-
quency variables may show differences of more than
100% and 60%, respectively (Fig. 3). With increasing
IED the situation may improve, but the differences in
estimation variables obtained in different locations are
still unacceptable (Fig. 3). For proper comparisons
between experimental sessions, standardisation is thus
extremely important.

Fig. 5 Mean (SE, n=11) of the
four electromygram variables as
a function of IED for the
location corresponding to the
minimal variation in case of
IED=5 mm, for all the arm
positions and 1 kg hand load
(non-fatiguing contractions).
Ref0 indicates the position with
hands at 0� abduction and 0�
flexion, Fle45 at 45� flexion,
Fle90 at 90� flexion, Abd45 at
45� abduction, Abd90 at
90� abduction. Definitions as
for Fig. 3
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The main elements of novelty of this study with re-
spect to previous work on electrode placement on the
upper trapezius muscle were that a quantitative criterion
was used to select the best position for placing the
electrodes and that a large range of experimental con-
ditions was studied. A previous study provided indica-
tions limited to EMG amplitude, to a fixed
interelectrode distance and did not include fatigue
related EMG changes (Jensen et al. 1993a).

The results that the optimal electrode location
obtained in the present work was not significantly
different for five arm positions, a large IED range and
all the EMG descriptors analysed, including both ab-
solute values and slopes of the EMG variables, pro-
vided a strong basis for the standardisation of electrode
location. It indicated that single channel surface EMG
analysis is a reliable tool for assessing activity in the
upper trapezius muscle and its fatigue in a variety of
experimental conditions. The shift of IZ was in fact
rather limited in the range of arm positions investigated
and did not affect significantly optimal electrode
placement.

The present work also provided numerical indica-
tions of the sensitivity of EMG descriptors to small
relative movements in electrode-muscle position in the
optimal location indicated. This information is of par-
amount importance in ascertaining if differences be-
tween subject groups can be considered physiologically
relevant or rather due to recording variability. It was
shown, for example, that slopes of the EMG variables
are more affected by small differences in electrode lo-
cation than initial values of the EMG variables (com-
pare results from Figs. 4 and 6). This result should be
interpreted also in the light of the sensitivity of the
EMG descriptors to other parameters in the EMG
system, such as the subcutaneous tissue thickness
(Farina and Rainoldi 1999).

IED selection

No studies have reported how IED affects the EMG
descriptors and their sensitivity to electrode location in
the upper trapezius muscle. In this work we found that
IED strongly affects the EMG descriptors and provided
the basis for a standard IED. All EMG descriptors were
statistically influenced by IED except for the slopes of
the frequency variables.

Amplitude and frequency variables have been ob-
served to increase and decrease monotonically with IED,
respectively (Fig. 5). From simulation studies a similar
behaviour has been observed (Blok and Stegeman 1997).
Moreover, the higher dependence of amplitude variables
from IED with respect to frequency variables was also
predicted from the analysis of simulated signals (Dim-
itrov and Dimitrova 1977; Lateva et al. 1990). In con-
trast with the present results, some modelling
investigations have shown a plateau of amplitude values
for IED larger than 25–30 mm (Blok and Stegeman
1997). However, this behaviour strongly depends on the
properties (conductivity and thickness) of the subcuta-
neous tissue layers (Farina and Rainoldi 1999) and on
the source depth (Dimitrov and Dimitrova 1977; Roe-
leveld et al. 1997). Thus, direct comparison with mod-
elling studies may remain difficult. Moreover, cross-talk
from other active muscles influences the estimated EMG
amplitude in different ways for different IED, as detec-
tion systems with smaller IED are more selective (Mer-
letti and LoConte 1995). The slope of the EMG
amplitude also strongly depended on IED (Fig. 7).

Since EMG descriptors significantly change for small
IED differences, IED should be properly standardized in
comparing results from different studies. The selection
of the IED should be based on quantitative criteria
which describe how the reliability of the EMG analysis
depends on IED. We observed that large IED reduce the
dependence of EMG variables with respect to electrode
location (see, for example, Figs. 3, 4, 6). Even though
this effect was to be expected, it had never been inves-
tigated systematically before. Generally, larger IED are
to be preferred if the anatomical landmarks of the
muscle fibres cannot be assessed by a preliminary multi-
channel surface EMG investigation. From the present
data, it appears that Dmin reaches a minimum around
20–25 mm IED (Figs. 4, 6). With respect to the case of
5 mm IED, Dmin of amplitude variables decreases on
average to less than a half with larger IED (Fig. 4). A
similar relative decrease of Dmin was observed for the
slopes of the EMG variables (Fig. 6). In almost all the
cases, for IED larger than 20–25 mm, Dmin did not
change significantly with respect to its minimal value or
slightly increased (see Fig. 4 for amplitude and Fig. 6 for
frequency variables).

Cross-talk signals also depend on IED (Winter et al.
1994), with smaller IED resulting in higher selectivity
than larger ones. Moreover, cross-talk depends also on
electrode location. Recordings from the bulky belly of
the upper trapezius muscle have been commonly

Fig. 6 Mean (SE, n=55) of the minimal variation of the slope
(Dmin, expessed as percentages) for the four electromyogram
variables as a function of IED for all the fatiguing contractions
recorded (11 subjects and 5 arm positions, for a total of 55 con-
tractions). Definitions as for Fig. 3
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assumed to be uncontaminated, while cross-talk is a
recognised problem when detecting at locations where
the upper trapezius is thin and covers other muscles,
such as close to the vertebral column or close to the
acromio-clavicular joint (Mathiassen and Winkel 1990).
For this reason, very large IED should be avoided since
they lead to low spatial selectivity and to a larger de-
tection volume. Although the quantitative significance
of cross-talk at different electrode locations above the
upper trapezius muscle remains to be investigated, from
our data on the variability of EMG features with elec-
trode location we suggest an IED of 20 mm (also in line
with previous recommendations by Hermens et al.
2000), which leads to a minimum of Dmin for almost all
the EMG descriptors investigated. Larger IED lead to
non significant decreases of Dmin for the most variables
and probably determine higher cross-talk signals (Win-
ter et al. 1994).

Amplitude and frequency variable selection

The ARV and RMS showed no statistically significant
different Dmin either related to the absolute variable or
to the slopes of the variable. The small difference in Dmin
between the two variables was probably due to the
variance of the two estimators which is known to be very
similar (Farina and Merletti 2000). For frequency vari-
ables, the Dmin of the initial values and the slopes of
MDF were not statistically different from the corre-
sponding Dmin values for MNF. These results imply that
the choice of the EMG spectral and amplitude descrip-
tors is not relevant for getting reliable results, compared
to the selection of IED and electrode location.

Conclusion

The main findings of this study were:

1. A single main IZ having a reproducible location
(52%–54% of the distance between the acromion and
C7) among subjects, corresponding to a dip in am-
plitude and a peak in spectral variables of EMG, was
found in the upper trapezius muscle. The IZ shift in
the range of arm positions investigated was signifi-
cant only for one of the positions with a rather lim-
ited difference with respect to the others (maximal
difference of 2.27% of the acromion-C7 distance, i.e.
on average 4.8 mm).

2. The criterion applied for the selection of the best
electrode placement indicated a lateral distance of
approximately 25 mm from the mid-point between
the acromion and C7. The criterion led to an optimal
location for all EMG descriptors (absolute values and
slopes of MDF, MNF, ARV, RMS) which does not
depend on IED (in the range 5–40 mm) or arm po-
sition. Thus it can be used for a large set of experi-
mental conditions.

3. The values of the EMG variables and slopes of the
amplitude variables during fatigue significantly de-
pend on IED. The IED should thus be standardised
in order to compare muscle activity and fatigue in
different studies.

4. Increasing IED from 5 mm to around 20 mm led to a
marked decrease of the EMG descriptor Dmin, while,
for IED larger than 20 mm, Dmin did not further
significantly decrease; it even slightly increased. A
value of approximately 20 mm IED is suggested for a
global muscle analysis.

Fig. 7 Mean (SE, n=11) of the
slopes (absolute values) of the
four electromyogram variables
as a function of IED for the
location corresponding to the
minimal variation (Dmin) in case
of IED=5 mm, for all the arm
positions (fatiguing contrac-
tions). Ref0 indicates the posi-
tion with hands at 0� abduction
and 0� flexion, Fle45 at
45� flexion, Fle90 at 90� flex-
ion, Abd45 at 45� abduction,
Abd90 at 90� abduction. Defi-
nitions as for Fig. 3
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5. The EMG descriptors computed from the optimal
electrode locations defined allowed the statistical
differentiation between activity and fatigue manifes-
tations in the upper trapezius muscle in the different
conditions investigated.

The contribution of this work was to provide indi-
cations about IED selection and electrode location for
the assessment of the upper trapezius muscle in a large
range of experimental conditions. The finding that the
quantitative criterion used to select electrode locations
led to non-statistically different optimal locations in all
the conditions examined (different arm positions, IED
and EMG descriptors) provided a strong basis for the
standardisation of electrode placement and IED that has
been recommended in previous studies. Reference data
of myoelectric activity and manifestations of muscle
fatigue in the experimental conditions investigated and
with the optimal electrode location found have also been
provided.
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