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Staudenmann D, van Dieën JH, Stegeman DF, Enoka RM.
Increase in heterogeneity of biceps brachii activation during isometric
submaximal fatiguing contractions: a multichannel surface EMG
study. J Neurophysiol 111: 984–990, 2014. First published December
11, 2013; doi:10.1152/jn.00354.2013.—The effects of fatigue emerge
from the beginning of sustained submaximal contractions, as shown
by an increase in the amplitude of the surface electromyogram
(EMG). The increase in EMG amplitude is attributed to an augmen-
tation of the excitatory drive to the motor neuron pool that, more
importantly than increasing discharge rates, recruits additional motor
units for the contraction. The aim of this study was to determine
whether the spatiotemporal distribution of biceps brachii (BB) activity
becomes more or less heterogeneous during a fatiguing isometric
contraction sustained at a submaximal target force. Multiple elec-
trodes were attached over the entire BB muscle, and principal com-
ponent analysis (PCA) was used to extract the representative infor-
mation from multiple monopolar EMG channels. The development of
heterogeneity during the fatiguing contraction was quantified by
applying a cluster algorithm on the PCA-processed EMG amplitudes.
As shown previously, the overall EMG amplitude increased during the
sustained contraction, whereas there was no change in coactivation of
triceps brachii. However, EMG amplitude did not increase in all
channels and even decreased in some. The change in spatial distribu-
tion of muscle activity varied across subjects. As found in other
studies, the spatial distribution of EMG activity changed during the
sustained contraction, but the grouping and size of the clusters did not
change. This study showed for the first time that muscle activation
became more heterogeneous during a sustained contraction, presum-
ably due to a decrease in the strength of common inputs with the
recruitment of additional motor units.

electromyography; monopolar signals; muscle fatigue; principal com-
ponent analysis; cluster algorithm; motor control

THE EFFECTS OF FATIGUE EMERGE from the beginning of sustained
submaximal muscle contractions (Mosso 1906) as indicated by
the increase of the amplitude of the surface electromyogram
(EMG) needed to sustain the required force (Bigland and
Lippold 1954; Cobb and Forbes 1923; De Luca 1984; Edwards
and Lippold 1956). Because the motor units recruited from the
beginning of a fatiguing contraction exhibit a progressive
decrease in discharge rate (Mottram et al. 2005; Rudroff et al.
2011), the increase in EMG amplitude is generally attributed to
the recruitment of additional motor units (Enoka et al. 2011;

Gandevia 2001) but can also be influenced by changes in the
conduction velocity of motor unit action potentials and the
synchronization of motor unit discharge times (Arabadzhiev et
al. 2010; Yao et al. 2000). Although the newly recruited motor
units will initially increase discharge rate, they, too, will
eventually reduce discharge rate, and additional motor units
will be recruited (Carpentier et al. 2001).

Multichannel and intramuscular EMG studies have shown
that muscle activity can show some spatial variability during
brief muscle contractions (Falla and Farina 2007b; Farina et al.
2008; Hedayatpour et al. 2008; Holtermann et al. 2008;
Staudenmann et al. 2009, 2013; ter Haar Romeny et al. 1984;
van Zuylen et al. 1988) and that activity can alternate within a
muscle during sustained and repetitive contractions (Sirin and
Patla 1987; van Dieën et al. 1993). With the progressive
recruitment of the motor unit pool during a sustained submaxi-
mal contraction, however, it can be expected that the distribu-
tion of surface EMG amplitudes would become more homo-
geneous as motor units with larger territories are recruited
(Milner-Brown and Stein 1975). Such a prediction is based on
the recognition that surface EMG recordings represent the
linear addition of muscle fiber action potentials (Day and
Hulliger 2001) and that motor unit size increases with motor
unit recruitment threshold (Duchateau and Enoka 2011; Heck-
man and Enoka 2012). Although high-density EMG grids have
demonstrated changes in the spatial distribution of muscle
activity during fatiguing contractions (Falla and Farina 2007b;
Farina et al. 2008; Hedayatpour et al. 2008; Holtermann et al.
2008), it remains unclear whether the spatial distribution be-
comes more or less heterogeneous as the contraction pro-
gresses. The findings to date, however, have not characterized
the changes in the spatial distribution of the entire muscle due
to limitations in the size of the high-density EMG grids.
Moreover, multiple bipolar EMG recordings provide less ac-
curate estimates of muscle activity compared with processing
the same monopolar channels with principal component anal-
ysis (PCA; Staudenmann et al. 2006, 2013). It is expected that
the active motor units within a muscle are represented with a
higher accuracy when processing multiple monopolar EMG
with PCA (cf. Staudenmann et al. 2010).

The aim of this study examined whether the spatiotemporal
distribution of muscle activity in biceps brachii (BB) becomes
more or less heterogeneous during a fatiguing isometric con-
traction sustained at a submaximal target force. Muscle activity
was characterized with multiple surface electrodes distributed
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over the entire muscle (cf. Staudenmann et al. 2013). Mono-
polar EMG signals were processed with PCA to obtain more
representative spatial information of the entire muscle activity
(Staudenmann et al. 2006). A cluster algorithm was used to
quantify the spatial distribution of muscle activity during the
fatiguing contraction (cf. Staudenmann et al. 2009). Changes in
consistency of EMG amplitude within and between clusters
were tracked over time.

METHODS

Subjects and procedures. Ten healthy men (mean � SD: age,
27.3 � 8.3 yr; mass, 82.5 � 12.8 kg; height, 1.8 � 0.7 m), who
reported no neurological or cardiovascular disorders, participated
in the experiment. Informed, written consent was obtained before
participation in the study. The Human Subjects Committee at the
University of Colorado Boulder approved the protocol.

Subjects were prepared for the experiment and were seated in the
experimental setup as described in a previous study (Staudenmann et
al. 2013). Before the fatiguing contraction, each subject performed a
maximum voluntary contraction (MVC) with the elbow flexor mus-
cles by gradually increasing the force from rest to maximum, sustain-
ing the maximum force for �3 s, and then decreasing the force back
to baseline. MVCs were repeated three times, and subjects were
verbally encouraged to produce a maximal effort. The fatiguing
contraction involved matching a target force set at 20% MVC force
and sustaining the isometric contraction for one-half of the endurance
limit as estimated from a Borg scale (Borg 1982); that is, the time until
perceived fatigue reached one-half of the maximal value. The sus-
tained contraction was limited to one-half of endurance time because
this is a sufficient duration to detect significant changes in the activity
of motor units in BB (Mottram et al. 2005) without the task being
compromised by substantial challenges to homeostasis.

Mechanical recording. Subjects were seated upright in a chair with
the left upper arm vertical, the forearm horizontal and in a neutral
posture (midway between supination-pronation), and the elbow joint
flexed to a right angle. The elbow was supported on a pad that
restrained arm movements. The forearm was tightly fixed in a wrist-
hand-thumb orthosis (Orthomerica, Newport Beach, CA) that was
attached to a force transducer (force-moment sensor; JR3, Woodland,
CA) to measure the upward force at the wrist. The orientation of the

upper arm and forearm was aligned with the principal axes of the
force transducer such that an elbow flexion moment mainly produced
a force in upward direction. The normalized flexion force of 20%
MVC was displayed as a horizontal line on a screen (resolution: 1%
MVC per centimeter) that was located 1 m in front of the subject, and
the force signal was recorded using a Power1401 analog-to-digital
converter (1,000 samples per second, 12-bit resolution) and Spike2
software (version 5.02; Cambridge Electronic Design, Cambridge,
United Kingdom).

Electrophysiological recording. Surface EMG was recorded from
BB and from an antagonist muscle, the triceps brachii. Soft-E Repo-
sitionable Cloth Series Electrodes (H69P; Kendall, Boston, MA) were
adapted by cutting away the material around the metallic clipper
connection to obtain small electrodes (Ø �0.8 cm). Recordings were
obtained from 63 � 4 electrodes that were attached over the BB of the
10 subjects. The 1st electrode was placed over the intersection of the
innervation zone (halfway between proximal and distal edges of BB;
see Masuda et al. 1983), and the septum between the BB muscle
heads, which was determined by palpation. The electrodes were then
added in medial and lateral directions with an interelectrode distance
of 1.5 cm until the edges of BB were reached. Parallel to the first row
over the innervation zone, proximal and distal rows of electrodes were
added with the same interelectrode distance resulting in evenly spaced
electrodes placed over the entire BB (Fig. 1). Furthermore, one pair of
bipolar electrodes was attached over each of the long and lateral heads
of triceps brachii with 1.5 cm between the electrodes. The reference
electrode was placed over the lateral epicondyle of the elbow. The
electrodes were connected to the amplifier (Refa; TMSi, Oldenzaal,
The Netherlands) and processed as monopolar EMG signals (input
impedance �1012 �, internal antialiasing filter at 400 Hz, analog-to-
digital conversion at 2,000 samples per second, 24-bit resolution).

Data analysis. The data were analyzed with MATLAB (The
MathWorks, Natick, MA). Force signals were upsampled (using cubic
spline interpolation) and aligned to the EMG signals with a synchro-
nization pulse. The data were segmented into three 10-s time win-
dows: start, middle, and end (Fig. 1). The standard deviation of force
was determined in each time window. The EMG recordings from both
BB and triceps brachii were high-pass filtered (10-Hz, Butterworth,
1st-order, bidirectional). The monopolar BB signals were then sub-
jected to PCA, which acts as spatial filter and substantially improves
the estimation of muscle activation compared with bipolar recordings
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Fig. 1. The electrode coverage over the bi-
ceps brachii (BB) muscle for 1 subject. The
right top shows the force exerted (�54 N)
during the isometric contraction with 3 10-s
time windows (vertical lines) indicated at the
start, middle, and end of the contraction.
Sixty-six electrodes were attached over BB
for this subject, which resulted in 66 principal
component analysis (PCA)-processed elec-
tromyographic (EMG) signals, shown in ar-
bitrary units (a.u.) fluctuating around 0. Sin-
gle bipolar electrodes were attached over the
long and lateral heads of triceps brachii (TB).
The reference electrode (REF) was attached
over the lateral aspect of the elbow.
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(Staudenmann et al. 2006, 2013). This improvement was achieved by
discarding the 1st 4 principal components (PCs; Staudenmann et al.
2013), which is realized by summing the 5th to the last PC (vector
multiplication of: time series, relative distribution; cf. Staudenmann et
al. 2006) and is denoted as the PCA-processed EMG amplitude
throughout the article (Fig. 1). The 1st 4 components were discarded
to minimize the influence of signals that arise from distant sources,
which is similar to obtaining a differential recording with bipolar
electrodes. Moreover, the use of PCA on monopolar recordings
reduces the confounding influence of electrode placement relative to
the orientation of the muscle fibers (cf. Staudenmann et al. 2010). A
single bipolar signal was derived for each of the two heads of triceps
brachii. Subsequently, all EMG signals were rectified and smoothed
(1-Hz, Butterworth, 1st-order, bidirectional). The mean � SD of the
EMG amplitude was determined for all BB channels in each time
window. The same analysis was applied to the averaged EMG
amplitude over 2 heads of triceps brachii to obtain an index of
coactivation.

A k-means cluster algorithm was applied to identify distinct clus-
ters of PCA-processed EMG amplitudes within BB. In the k-means
algorithm, correlation was used as a distance measure to characterize
covariance of activity within BB. The number of clusters was arbi-
trarily set to five. Briefly, the cluster algorithm allocates channels to a
cluster (here based on the intracluster correlation coefficient of the
PCA-processed EMG amplitudes) and generates a representative
wave shape for each cluster (for further information, see Staudenmann
et al. 2009). The clusters were ranked based on the number of
channels per cluster in decreasing order. Then, the degree of spatial
dispersion of the channels belonging to one cluster was determined for
each cluster. To this end, the spatial distance between each pair of
electrodes within a cluster was estimated and averaged to obtain a
single distance value. The same distance was calculated for a hypo-
thetical maximally grouped cluster with the same number of channels.
The degree of spatial clustering (in percentage) was estimated by
dividing maximally grouped by measured distance. The value declines
as the channels are scattered over BB. The degree of heterogeneity in
BB muscle activity was quantified by determining the correlation
coefficients among channels for the wave shapes within and between
clusters.

Statistics. The results were analyzed with repeated-measures
ANOVA (sphericity assumed, using SPSS, Chicago, IL) with signif-
icance set at 5%. The following dependent variables were examined
with time window as a fixed factor: standard deviation of force; PCA
outcome (1st PC; sum of 5th to last PC); overall PCA-processed EMG
amplitude (mean and SD) for BB and a mean bipolar EMG amplitude
for triceps brachii; size and grouping of the clusters; and the correla-
tion coefficient (after Fisher z-transformation) of channels within and

between cluster time series. The data subjected to ANOVA showed
equal variance as indicated by Mauchly’s test of sphericity.

RESULTS

Mechanical recording. The 20% MVC flexion force was
sustained at 61.2 � 7.5 N (torque 17.4 � 1.9 Nm) until
subjects reached one-half of the endurance limit, which re-
sulted in the contraction lasting 2.74 � 1.30 min. The per-
ceived fatigue estimated from the Borg scale (1–10) for the
three time windows were 1.4 � 1.0 for the start, 3.2 � 0.7 for
the middle, and 5.0 � 0.0 (by definition) for the end. The
standard deviation for force (0.098 � 0.029 N) showed no
significant effect of time window (P � 0.848).

PCA of multiple monopolar EMG channels. The relative
contribution of the first PC was significantly different between
time windows (P � 0.001). Post hoc analysis showed a slight
decrease of �3%, from 83.4 � 8.8% in the first time window
(P � 0.005) to an average of 80.5 � 8.9% for the remaining
two time windows (2-3), which did not differ significantly
(P � 0.12). The relative contributions of the remaining PCs
(5th until last PC; used to estimate muscle activity) showed an
opposite significant effect of time window (P � 0.013). How-
ever, post hoc analysis showed no significant effect starting at
5.8 � 4.1% (1-2: P � 0.061) and increasing to an average of
8.2 � 5.0% for the 2 last time windows (P � 0.260).

EMG amplitudes and standard deviation. Based on the
PCA-processed EMG signals, the average amplitude differed
significantly between time windows (P � 0.001), with an
increase of 25% between the first and second window (P �
0.001) and no significant difference between the last two time
windows (P � 0.118; Fig. 2). The variability (standard devi-
ation) of the EMG amplitude over the time window was not
significantly different between time windows (P � 0.683).
However, individual subjects showed quite variable patterns of
spatiotemporal changes in EMG amplitudes across the time
windows, especially the first two time windows (Fig. 3). The
average and the standard deviation of the EMG amplitude of
the antagonist muscle triceps brachii (143 � 70 �V) did not
change across the three time windows (P � 0.108).

Clusters of multiple EMG amplitudes within BB. The PCA-
processed EMG amplitudes over BB showed different spa-
tial patterns (Fig. 4) as represented by the cluster outcomes
(Fig. 5). Across the 10 subjects, the 5 clusters comprised

1 2 3
0

200

400

600

800

1000

1200

M
ea

n 
ac

tiv
ity

 (
μV

)

1 2 3
0

20

40

60

80

100

S
D

 a
ct

iv
ity

 (
μV

)

Time window

*

Fig. 2. Mean amplitudes of the PCA-processed
EMG signals as estimated over all BB record-
ings for the 3 time windows (1–3) during the
fatiguing contraction. The left shows the mean
overall BB recordings, and the right shows the
standard deviation of the EMG amplitude for
BB. Box plots show the results for all subjects;
the middle line in each box plot represents the
median value, and the error bars indicate the
range. The bottom and top limits of each box
represent the interquartile range, and the plus
signs denote outliers. Note the significant (*)
increase in mean EMG amplitude after the 1st
time window.
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31.9 � 5.4, 25.6 � 4.4, 18.7 � 3.1, 14.1 � 3.9, and 9.7 �
4.0% of the total number of EMG channels from the largest
to the smallest cluster. These percentages did not differ
between time windows (P � 0.527). Moreover, the distri-

bution of channels belonging to the same cluster (Fig. 5)
indicates that the grouping of clusters did not differ between
time windows (P � 0.569). Correlation coefficients between
channels within and between clusters both decreased signif-
icantly after the first time window (P � 0.017), whereas
there were no further significant changes between the last
two time windows (P � 0.457). Figure 6 indicates that the
correlations within clusters were on average 31% greater (r
� 0.61 � 0.17) than the correlations between clusters (r �
0.42 � 0.30). There was a 20% reduction (r � 0.70 � 0.08,
r � 0.56 � 0.13) for the within-cluster correlations and a
38% reduction (r � 0.57 � 0.14, r � 0.34 � 0.09) for the
between-cluster correlations comparing the first time win-
dow with the subsequent time windows.

DISCUSSION

The current study examined whether the spatiotemporal
distribution of muscle activity in BB became more or less
heterogeneous during an isometric contraction at a submaximal
target force with the elbow flexor muscles. As observed in
previous studies using high-density EMG recordings, the spa-
tial distribution of muscle activity changes during the fatiguing
contraction (Falla and Farina 2007b; Farina et al. 2008; He-
dayatpour et al. 2008; Holtermann et al. 2008). The new
finding in the current study was that the spatial distribution of
muscle activity became more heterogeneous during the first
part of the fatiguing contraction and then stabilized (Fig. 6). It
was possible to detect this profile of adjustments by acquiring
multiple monopolar EMG recordings over the entire muscle
and processing the data with PCA, which provide superior
quality of muscle activity estimates compared with multiple
bipolar EMG recordings over BB (Staudenmann et al. 2013). It
is expected that the active motor units within a muscle are
represented with a higher accuracy when processing multiple
monopolar EMG with PCA (cf. Staudenmann et al. 2010). The
current study is the first to apply PCA to monopolar EMG
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Fig. 3. Difference in PCA-processed EMG
amplitudes between consecutive time win-
dows for the 10 subjects. The top shows the
differences in EMG amplitudes for all BB
channels between time windows 1 and 2, and
the bottom shows the differences between
time windows 2 and 3. The middle line in each
box represents the median value, and the error
bars indicate the range. The lower and upper
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range, and the plus signs denote outliers. Note
that although on average EMG amplitudes
increased during the 1st half of the contrac-
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EMG signals for the middle 10-s time window of the fatiguing contraction
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were used as input to the cluster algorithm. Note the temporal and spatial
variability of the EMG amplitude despite a relatively constant force.
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signals to characterize the adjustments in muscle activity dur-
ing a sustained submaximal contraction.

The results in the current study are consistent with prior
reports showing an increase in the surface EMG amplitude
during fatiguing contractions (Cobb and Forbes 1923; Edwards
and Lippold 1956; Fuglevand et al. 1993; Lind and Petrofsky
1979; Rudroff et al. 2008) and the absence of an increase in
coactivation of the triceps brachii muscle (cf. Levenez et al.
2005; Maluf and Enoka 2005). Figure 2 indicates that the
average amplitude over a window of the PCA-processed EMG

signals for BB increased by 25% from the first to the second
time window but then did not increase any further as the
contraction was sustained up to one-half of the estimated
endurance limit. Although there was an increase in the overall
EMG amplitude, it did not increase in all EMG channels over
BB. The error bars in Fig. 3, top, indicate that some channels
even exhibited a reduction in EMG amplitude, which has also
been observed by others (De Luca 1984; Dimitrova and Dim-
itrov 2003; Fitts 1994). The spatial variability of changes in the
EMG amplitudes over the BB indicates spatiotemporal differ-
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spread over the entire muscle and showed no
specific grouping within the anatomically
distinct muscle heads.
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Fig. 6. Overall results for the cluster correla-
tions between EMG channels across the 3
time windows (1–3). Left shows the distribu-
tion over subjects of the mean correlations
for the time series within clusters, and the
right shows the distributions of the correla-
tions of the representative wave shapes be-
tween clusters. The middle line in each box
represents the median value, and the error
bars indicate the range. The lower and upper
limits for each box represent the interquartile
range, and the plus signs denote outliers.
Note the higher correlation within clusters
compared with between clusters and the sig-
nificant drop in correlation (*) after the 1st
time window for the between-clusters time
series.
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ences between subjects (Fig. 5), and, as found in other studies
during brief isometric contractions, changes in the overall
EMG amplitude were not representative of the activity for the
entire muscle (Falla and Farina 2007a; Holtermann et al. 2008;
Staudenmann et al. 2009, 2013; van Zuylen et al. 1988).

The spatial distribution of muscle activity, as indicated by
the arrangement of the clusters over the BB, changed over time
during the sustained contraction (Fig. 5), again as shown
previously (e.g., Falla and Farina 2007b; Farina et al. 2008;
Holtermann et al. 2008). Channels within clusters were spread
over the entire muscle and showed no specific grouping even
within the anatomically distinct long and short heads of BB (cf.
van Zuylen et al. 1988). There were no systematic changes
during the sustained contraction in the current study in either
the degree of spatial grouping or the number of channels per
cluster. Previous work on triceps surae muscle also indicated
no obvious anatomical interpretation of the functionally de-
rived clusters for the individual muscles during a nonfatiguing
contraction (Staudenmann et al. 2009). Further results showed
that after the first time window there was a substantial increase
in the heterogeneity of BB activation as evidenced by a
decrease in the correlation coefficients among the channels
within a cluster (20%) and an even larger decrease of the
correlation coefficients between the cluster time series (38%).

Although the discharge rates of BB motor units decline
progressively and additional motor units are recruited during
isometric contractions sustained at the same relative target
force for a similar duration, EMG amplitude as estimated from
bipolar recording increased modestly (�5%) during the sus-
tained contraction (Mottram et al. 2005; Rudroff et al. 2010).
In apparent contradiction, the adjustments in EMG amplitudes
in the current study were only observed during the first half of
the sustained isometric contraction. Consistent with this result,
however, a computational model of motor unit recruitment and
rate coding during a comparable fatiguing contraction also
predicted that EMG amplitude increases initially and then
remains constant (Dideriksen et al. 2011). The most likely
explanation for the discrepancy is that bipolar EMG recordings
provide a limited estimate of muscle activation (Farina et al.
2004) compared with multiple PCA-processed monopolar
EMG signals over the entire muscle (Staudenmann et al. 2006,
2013). Thus the current findings provide a more accurate
estimate of the adjustments in motor unit activity in BB during
the sustained submaximal contraction.

Given that the coactivation of triceps brachii did not
increase in the current study and that the overall EMG
amplitude increased initially and then plateaued, the pro-
gressive increase in the rating of perceived contraction must
have been driven by an increase in activity of the synergist
muscles. In a similar experimental setup, the activation
among elbow flexors, at least as measured with surface
bipolar recordings, differed during fatiguing contractions
(Hunter et al. 2003), and different rates of increase in EMG
amplitude were observed between elbow flexor muscles
when measuring surface and intramuscular EMG (Rudroff et
al. 2008). Consequently, the target force must have been
sustained for the prescribed duration by a nonuniform in-
crease in activation across the muscles that contributed to
the net elbow flexor torque (Buchanan et al. 1986) as the
coordination among synergists can attenuate the decline in
force capacity during a fatiguing contraction (Dul et al.

1984; Kouzaki and Shinohara 2006). Nonetheless, an in-
crease in the heterogeneity of the spatiotemporal distribu-
tion of BB muscle activity, as observed in the current study,
is likely related to the adjustments in activity across the
involved muscles (cf. van Zuylen et al. 1988).

The progressive recruitment of motor units with greater
innervation numbers should increase the homogeneity of EMG
activity (cf. De Luca et al. 1993). In contrast, the current results
indicated that the distribution of PCA-processed EMG ampli-
tudes became heterogeneous during the first part of the sus-
tained contraction and then stabilized. Similarly, a computa-
tional model predicts that the largest motor units are not
recruited until much later during an isometric contraction
sustained at the same intensity (20% MVC) as in the current
study (Dideriksen et al. 2011), which suggests that the initial
increase in heterogeneity is unlikely due to the progressive
recruitment of larger motor units.

Although motor unit synchronization can cause an in-
crease in EMG amplitude (Yao et al. 2000), our results
showed an increase in EMG amplitude that was accompa-
nied by an increase and not a decrease in heterogeneity
(comparing Figs. 2 and 6, respectively). Furthermore, the
change in heterogeneity did not covary with the force
fluctuations, which was associated with the strength of
motor unit synchronization (cf. Semmler and Nordstrom
1998). Moreover, a computational model demonstrated that
the imposition of motor unit synchronization causes a peak
between 16 and 32 Hz in the coherence spectrum derived
from the discharge times of pairs of motor units (Moritz et
al. 2005). The increase of heterogeneity of the spatiotem-
poral distribution of BB muscle activity, therefore, likely
indicates a decrease in the strength of common input asso-
ciated with motor unit synchronization. It remains to be
determined whether the heterogeneity of muscle activity
increases in longer-duration contractions when larger motor
units are recruited and the number of motor unit action
potentials increases as task failure approaches.
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