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SUMMARY 
The present study was designed to quantify the effect of 
fatigue on muscle coordination during a rowing exercise in 
trained subjects. Seven rowers maintained a fixed power-
output until exhaustion. In addition to the forces exerted at the 
handle and the foot-stretcher, we measured EMG activity from 
23 muscles of the upper, lower body and the trunk. Muscles 
synergies were extracted using a non-negative matrix 
factorization. While a significant increase in activity level of 
10 muscles was found, the shapes of the individual EMG 
patterns were minimally affected by fatigue (mean rmax value = 
0.91 ± 0.01 over all muscles). Muscle synergies were very 
similar between the start and the end of the exercise (cosine of 
the principal angles = 0.96 ± 0.02; mean rmax value of the 
synergy activation coefficients = 0.94 ± 0.11). The Variance 
Accounted For significantly decreased with fatigue (-1.9 ± 1.2 
% for 3 synergies extracted) indicating a slight decoupling 
among the muscles that could result from either central 
perturbations or peripheral mechanisms. Overall, these results 
indicate that rowers maintained a strong spatiotemporal 
organization of the muscle coordination despite fatigue 
whereas modulations of the activity level of the muscles 
occurred. 
 
INTRODUCTION 
Muscle fatigue is an exercise-induced reduction in the 
muscle’s capability to generate force [2]. A possible strategy 
to counteract the effects of fatigue consists of modifying 
muscle coordination [1]. The present study was designed to 
quantify the effect of fatigue on muscle coordination during a 
rowing exercise in trained subjects. To better describe the 
muscle coordination strategies, a non-negative matrix 
factorization algorithm was used to identify the muscle 
synergies in addition to a classical analysis of individual EMG 
patterns. 
 
METHODS 
Seven male trained subjects (aged: 25.4 ± 3.7 years, height: 
187.8 ± 4.8 cm, body mass: 81.8 ± 11.5 kg) volunteered to 
participate in this study. The mean power-output (MP) was 
taken from training data (i.e., best time over a 2000 m of 
rowing). The tests were divided into two identical sessions to 
allow for the measurement of 23 muscles. Subjects were first 
asked to perform a standardized warm-up. Afterwards, 
subjects performed a constant-load test executed at their mean 
power-output until exhaustion. Strong encouragement was 
given, and the tests were stopped either voluntarily by the 
participant or if the mean power decreased under a fixed limit 
(tolerance = 10%). In addition to the forces exerted at the 
handle (Fh) and the foot-stretcher (Fx and Fy, i.e., the 

horizontal and vertical components respectively), surface 
EMG (Delsys DE 2.1, Delsys Inc, Boston, MA, USA; 1 cm 
interelectrode distance) was recorded from 23 muscles on the 
right side of the body. The recorded muscles in the first 
session were: tibialis anterior (TA), soleus (Sol), 
gastrocnemius lateralis (GL), gastrocnemius medialis (GM), 
vastus lateralis (VL), vastus medialis (VM), rectus 
femoris (RF), biceps femoris (BF), semitendinosus (ST), 
gluteus maximus (GMax), latissimus dorsi (LD), erector 
spinae multifidus (ES), trapezius medius (TraM), biceps 
brachii (BB), and brachioradialis (Br). In the second session, 
the following muscles were recorded: longissimus (Long), 
illiocostallis (Ilio), multifidus (ES), latissimus dorsi (LD), 
deltoideus posterior (Delt), trapezius upper (TraU), trapezius 
medius (TraM), trapezius lower (TraL), triceps brachii (long 
head - TriL), triceps brachii (short head - TriS), biceps brachii 
(BB), brachioradialis (Br) and flexor digitorum superficialis 
(FD). EMG signals were filtered with a bandpass filter (4th 
order Butterworth) between 20 and 400 Hz (filtfilt function of 
Matlab, the Mathworks, version R2007b, Natick, MA, USA). 
A band-stop filter (48-52 Hz) was used to remove 50 Hz 
noise. Linear envelopes for each muscle were obtained by 
low-pass filtering the fully rectified EMG signals with a 9 Hz 
low-pass filter (zero lag).  
For both the start and the end of the exhaustive exercise, a set 
of 15 consecutive cycles was averaged to obtain a 
representative pattern for each muscle. For muscle synergy 
extraction, the patterns were normalized by their maximum 
value. Matrix factorization was performed as previously 
described [3]. By applying a decomposition algorithm we 
obtained two components: a fixed component (referred to as 
“muscle synergy vectors”), which represents the relative 
weighting of each muscle within each synergy; and, a time-
varying component (referred to as “synergy activation 
coefficient”), which represents the relative contribution of the 
muscle synergy to the overall muscle activity pattern.  
The rowing cycle was divided into drive (or propulsive) and 
recovery phases. The drive phase ranged from 0 to 100% and 
the recovery phase from -100 to 0%. 
Modification of the individual EMG patterns, mechanical 
patterns and synergy activation coefficients were assessed 
using two criterions: the lag time and rmax coefficient, 
calculated as the lag time and r-value at the maximum of the 
cross-correlation function. Cosine of the principal angles was 
used to assess similarity of the subspace given by the muscle 
synergy vectors. Muscle activity level was calculated as the 
mean muscle activity over the averaged rowing cycle for the 
start and at the end of the exercise. 
 
 



RESULTS AND DISCUSSION 
The limit time to exhaustion was not significantly different 
(p=0.68) between test 1 (280.9 ± 32.3 s) and test 2 (261.5 ± 
32.3 s) with no significant difference in power-output 
(p=0.835). Between the start and the end, we found no change 
in both the magnitude of Fx (p = 0.263) and Fy (p = 0.308). In 
contrast, we found a significant decrease in the magnitude of 
both Fh (-6.6 ± 4.0%; p=0.007) and the instantaneous power (-
6.1 ± 5.5%; p=0.012). We observed a great similarity between 
the shape of the mechanical waveforms between the start and 
the end of the exhaustive exercise. In fact, the mean rmax values 
were of 0.97 ± 0.02, 0.98 ± 0.02, 0.99 ± 0.01 and 0.99 ± 0.01 
for Fx, Fy, Fh and the instantaneous power-output, 
respectively. The indices of similarity for the individual 
muscles activation waveforms were also high (Table 1). Ten 
of over 23 muscles showed a significant increase in EMG 
activity level (Table 1). ANOVA revealed a significant effect 
of time on the VAF indicating a lower VAF at the end of the 
exhaustive test i.e., -1.9 ± 1.2% at three synergies extracted. 
This indicates a reduced compactness of the coordination, that 
is, a trend to lesser co-variations among muscles. Six of seven 
of the subjects reached 90% of VAF at three muscle synergies 
extracted at the start (mean VAF: 91.2 ± 0.8%) and only two 
subjects at the end (mean VAF: 89.4 ± 1.3%). However, when 
three synergies are extracted, the cosine of the averaged 
principal angles between the subspace defined by the muscle 
synergy vectors at the start and the end was of 0.96 ± 0.02 and 
the mean rmax value of the synergy activation coefficients was 
of 0.94 ± 0.11 (Figure 1). That demonstrates that both the 
structure of muscle synergies (i.e., muscle synergy vectors) 
and their activation (i.e., synergy activation coefficients) 
stayed very similar throughout the exhaustive test.  
 
CONCLUSIONS 
The present study showed that the trained subjects conserve a 
robust spatiotemporal organization of the muscle coordination 
during a fatiguing exercise. Despite a trend for decoupling 
among the muscles, no change in muscle coordination occurs 
at the temporal and spatial level whereas modulation of the 
activity level of the muscles occurred.  
 

 

Figure 1:  Ensemble averaged synergy activation coefficients 
(left side) and muscles synergy vectors (right side) at the start 
and the end of the exhaustive test. On the right panel, the 
muscles are depicted in the following order (left → right): TA, 
GL, GM, Sol, VL, VM, RF, Gmax, BF, ST, ES, Long, Ilio, 
LD, TraL, TraM, TraU, Delt, BB, Br, FD, TriL, TriS. 
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Table 1: Indices of similarity (r and rmax), lag times (in percentage of the rowing cycle) and percentage of increase of the EMG 
activity level between the start and the end. Significant changes (i.e., P-value < 0.05) in EMG activity are indicated in bold.  

  r max r lag % increase   r max r lag % increase 
    TA 0.93 ± 0.05 0.81 ± 0.17 4.9 ± 5.4 20.9 ± 60.9     Ilio 0.94 ± 0.07 0.93 ± 0.08 -3.0 ± 3.8 13.1 ± 53.9 
    GL 0.90 ± 0.13 0.88 ± 0.14 -1.3 ± 2.9 -11.6 ± 21.3     LD 0.99 ± 0.01 0.98 ± 0.02 -0.7 ± 2.1 11.4 ± 14.6 
    GM 0.90 ± 0.13 0.87 ± 0.14 0.6 ± 3.1 -15.0 ± 19.3     TraL 0.88 ± 0.17 0.87 ± 0.17 -0.1 ± 0.7 9.8 ± 38.9 
    Sol 0.96 ± 0.04 0.96 ± 0.04 0.4 ± 1.9 -4.9 ± 20.6     TraM 0.94 ± 0.05 0.92 ± 0.09 -2.4 ± 2.8 14.9 ± 12.4 
    VL 0.96 ± 0.03 0.95 ± 0.04 1.9 ± 2.5 4.9 ± 6.6     TraU 0.88 ± 0.06 0.84 ± 0.08 -2.0 ± 2.6 19.8 ± 24.5 
    VM 0.96 ± 0.04 0.94 ± 0.05 1.9 ± 3.2 4.7 ± 9.7     Delt 0.96 ± 0.04 0.95 ± 0.05 -1.4 ± 2.7 9.9 ± 24.4 
    RF 0.87 ± 0.08 0.86 ± 0.08 2.0 ± 2.3 29.3 ± 26.1     BB 0.97 ± 0.02 0.94 ± 0.05 -2.3 ± 2.3 15.6 ± 19.2 

    GMax 0.95 ± 0.05 0.86 ± 0.25 2.9 ± 9.8 18.4 ± 15.5     Br 0.98 ± 0.02 0.97 ± 0.03 -1.4 ± 1.9 11.9 ± 14.0 
    BF 0.97 ± 0.03 0.96 ± 0.04 0.7 ± 1.9 14.4 ± 13.7     FD 0.96 ± 0.03 0.96 ± 0.04 -0.7 ± 1.3 19.1 ± 16.5 
    ST 0.95 ± 0.03 0.94 ± 0.03 0.0 ± 1.6 19.5 ± 10.8     TriL 0.99 ± 0.01 0.98 ± 0.01 0.6 ± 0.6 24.5 ± 15.0 
    ES 0.88 ± 0.14 0.82 ± 0.25 -4.3 ± 9. 9  -7.2 ± 30.3     TriS 0.97 ± 0.02 0.96 ± 0.05 -1.4 ± 2.3 20.0 ± 11.7  

    Long 0.87 ± 0.17 0.85 ± 0.22 4.1 ± 14.1 5.9 ± 35.5           
 


